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ABSTRACT

Wi gh-In-Mtion (WM systens are capable of producing nassive
anounts of truck size and weight data as well as the traditional
count, classification, and speed data. Generally speaking, the
objectives of a WM system are

: Reasonabl e Cost

. Good Dat a

. Low Mai nt enance

. Long Performance Life

These objectives are best achieved when proper considerations are
given to planning, design and installation. Such considerations
shoul d incl ude:

. Site Selection

. Pavement Preparation

: W M Conponent La{out and Installation Techni ques

. Power and Phone Layout and Installation Techni ques
- W M Syst em Accept ance Testing

Caltrans has attenpted to address problenms related to
construction, maintenance, and data b% devel opi ng and
| npl enenting procedures to mnimze those problens through
I nproved planning, design, and installation standards
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| NTRODUCTI ON

The objective of this paper is to discuss methods and procedures
that have been developed by Caltrans for the plannln?, design
and installation of weigh-in-nmotion (WM systens. n that al
but a few of Caltrans' systens are main |line, high speed, single
threshold bending plate systens, the enphasis of the discussion
concentrates on these systens.

Piezo sensors, both Cass | (weighing) and Cass ||

(nonwei ghing), wll be mnimlly addressed. It should be
apparent, however, that nuch of the discussion on bending plate
systenms also applies to piezo WM systens. Al though Caltrans has
some experience in hydraulic |oad cell systems and non-main |ine
(i.e., mediumand | ow speed) WM systens for weigh station
screening, these types of systems are not addressed.

It is noted that the plan sheets contained in Appendix A which
are referenced in the text, are "WM specific'". Many "standard"
details which are applicable to WMinstallations but not unique
to WM installations (such as details for pullboxes, cabinets,
foundations, conduits, etc.), are not included in Appendix A

Li kewi se, specifications which are unique to WM installations
are contained in Appendix B, whereas "standard" specifications
are not.

Almost all Caltrans mainline WM systems are installed within

| ane closures, with work often restricted to short periods. As
such, this condition is reflected in the system designs and
installation techniques contained herein. "~As does nost states,
California utilizes nonreinforced jointed concrete pavenent.
This condition is also reflected in the system|ayout and
installation discussions.

BACKGROUND

As of February 1996, Caltrans has installed 63 WM bending plate
systenms for high speed data collection and 8 WM bending plate
systens for high speed weigh station bypass screening ("Pre-
Pass"), O these 71 systens, 50 are PAT Traffic Control (PAT)
systems and 21 are International Road Dynamcs (IRD) systens.
Caltrans has also installed two WM piezo systens for high speed
data collection and 8 WM piezo systens for the "Pre-Pass"
program

Cal trans began installing permanent WM systens for its high
afeed data coll ection "master plan" in 1987. Since that tine,
Minstallation plans and specifications have been continually
modi fi ed, based upon experience (and certainly a few m stakes),
in an attenﬁt to provide WM systens that produce consistently
good data, have m nimal mai ntenance problenms, and have a |ong
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life. In that problens encountered during installation will, in
many cases, result in poor WM performance and/ or maintenance
probl ens, plans and specifications are intended to make the
Installation as sinple as possible from a construction

st andpoi nt.

Caltrans has a "WMunit", currently consisting of three people
that perforns or coordinates all statewide WM activities from
initial site selections through data collection and data

val idation. Such activities include site selection, project
initiation, WM | ayout and specification devel opnent, design
coordination and review, construction inspection, calibration and
acceptance testing, data processing, and system mai ntenance
and/or nmaintenance coordination. These "start-to-finish"
activities being perforned by a single unltmﬁ|ve val uabl e i nsi ght
as to th data may be good or bad or as to why some systens have

continual maintenance problens while others have few or no
?r?FIenB. It is this insight that has Ied to the procedures that
ol I ow.

W M | NSTALLATI ON PROCEDURES
Site Sel ection

Once the determnation has been nade that WM data is needed from
a specified route segment, such roadway section is reviewed to

| ocate a specific WM site. This review should address the
fol | owm ng considerations:

Availability of Access to Power and Phone---

Caltrans, to date, has not installed any solar powered WM
systems. Three systenms do utilize cellular phone service
(9600 bps). Every attenpt is made to locate sites that can
[$annaB|y be served by AC power and land |ine tel ephone
utilities.

Caltrans' highest truck volume WM site to date is served by
a tel ephone conduit run of over 3300 feet (1000 neters)
which was installed at an approxi mate cost of $48, 000.

Consi dering that this is a "high profile" site with over
26,000 trucks and data files exceeding 1.3 mllion bytes per
ay, It was deemed that this land |ine phone service woul d
e nore cost effective than cellular or other technol ogies.
CbV|oust, such a phone service cost would not be warranted

for a "[ow profile” site with small data files.

Each agency nmust, of course, determne what is reasonable

fordits own WM programin determ ning power and phone
needs.
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Adequat e Location for Controller Cabinet---

gﬁﬁglly, the WM control I er cabinet should be situated such
at:

1 It is not subject to being hit by any vehicles
| eavi ng the roadway.

2. It is easily and safely accessible and has an
adj acent area for parking a vehicle,.

3. There is 'full view of the roadway in which the WM
sensors are installed and good sight distance for
approachi ng vehicl es.

4, It wll be "high and dry" in heavy rains and not
subject to any standing or nmoving water from
irrigation or drainage facilities.

B. Long conduit runs for the | oop and WM sensors are
not required.

It may be necessary to nodify existing roadway dikes,
construct small| earth enbanknments, install guardrail, or
make other nodifications to the existing roadway facilities
to properly situate the controller cabinet.

Al though some of these criteria may appear extreme for a
"renote” unmanned data collection system it should be
consi dered that during systemtesting and calibration a
techni cian must spend "many hours, sonetimes at night and/or
during inclenent weather, working out of the controller
cabinet. The work goes much smoother if safety and sone
degree of confort are afforded.

Adequat e Drai nage---

General |y speaking, the potential WM site should be in an
area that is not subject to flooding. Power and phone
services, pullboxes, and (as noted above) the WM controller
cabi net should be installed on "high" ground.

For bending plate sensors, consideration nust also be given
to draina%s of water from under the plates. Ideally, the
| anes to be instrumented all slope to the outside and the
roadbed is in an enbankment such that the drain pipe can be
"dayllghted" at the enbankment's outside slope. Is |ayout
normal Iy is the easiest froma construction standpoint and
is easy to maintain. Crown section roadbeds need drains_on
both sides of the roadway. Roadways in flat or cut sections
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(i.e., no way to "daylight" a drain piﬁe) shoul d not be
considered for bending plates unless the WM drain pipes can
be tied into existing drainage facilities or the soi

condi tions make a "sump" or a "French drain" feasible.

Again, consideration should be given to conRIeX|ty of
coRstructlon and ease of maintenance of such drainage
schenes.

Traffic Conditions---

WM systens operate at their best and provide data that is
the easiest to validate when all vehicles are traveling at a
"cruising" speed and are staying near the mddle of each

| ane.  Tangent sections of roadway with little or no grade
inrural areas nornally best neet this condition unless
there are only two |lanes and passing is significant.

It can be difficult to find ideal traffic characteristics,
froma WM system perspective, on high vol une urban
roadways. In many cases the site reviewer nust select a
"best" WM location by determ ning which undesirable
conditions wll cause the fewest WM data problenms. The
maj or undesirable conditions are as follows:

L Stop and Go Traffic

Cal trans specifications require proper WM
8Berat|on at speeds down to 5 nph ﬁ8 km hr) .

viously the systenmis | oops and axl e sensors
cannot handl e stopped vehicles within the system
Such stop and go traffic is common during commute
hours on urban freeways and can al so be a probl em
near interchanges and at-grade intersections.

2. Sl ow Moving Traffic

Al though a WM system should be able to marginally
handl e sl ow noving traffic, accelerations or
decel erations can effect speed and classification
errors. Additionally, unless the system has been
calibrated for weight at |ow speeds, WM weights
of slow moving trucks could be off significantly.

3. Lane Changi ng
Proper WM operation is dependent upon each
vehicle ﬁDVInﬂ through the systemwthin its own
a

lane. Lane changing can be a probl em near on/ of f
ranps and |ane transitions.
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4, Passi ng

For two |ane roadways, FaSS|ng can be a problemin
that such passing vehicles are hitting the | oops
in reverse order. Neither the PAT nor the |RD WM
systens correctly classify these vehicles. If
possi ble the WM system shoul d be | ocated such, or
the roadway delineation should be modified_ such,
that passing is mnimzed. For roadways with two
or nore lanes in each direction, passing is a
Problen1on|y I f passing vehicles are changing

anes through the WM system

Geonetrics---
For best possible operation, the WM system shoul d be
installed on a tangent section of roadway. |f the planned

WM systemis to consist of "side-by-side" weigh pads in
each [ane, ensure that each |ane haS enough width to
acconmpdate such a configuration. The proximty of

i nterchanges, intersections, etc. needs to be considered for
the probability (or possibility) of creating undesirable
traffic conditions as previously discussed. = The proximty
of interchanges should al so be considered froma WM system
installation aspect. Interchanges that are close to the
construction site, part|cularI¥ conpl ex interchanges, can be
a nightmare when 1t comes to effective schemes for |ane
closures, traffic control, advance notices to motorists,

etc. Good sight distance is desirable froma construction
safety aspect as well as froma system's functional testing
aspect .

G ade- - -

The major data problemeffected by installing a WM system
on a grade, say anyth|nﬁ I n excess of one percent, is the
wei ght "transfer” fromthe steer axle to the drive axle of
the | oaded trucks. Such weight transfer can easily exceed
1500 pounds (700 kg.). Al though such weight transfer may
not cause significant error in the WMs reporting of gross
wei ght, the higher recording of MBI%ht for the drive axle
wi Il in many cases result in a weight violation reporting
for the drive axle or its axle group.

Q her problenms that may be encountered by installing a WM
system on a grade include:

1. Initial Calibration

As will be discussed later, the calibration test
truck should be "cruising" at a steady rate of

speed when crossing through the WM system  The
truck shoul d not4a% "lugging", which may be the
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case when attenpting to reach the higher speeds

needed for proper calibration. In nanK cases, the
test truck will not be able to reach the necessary
speeds.

Additionally, the WM system should be calibrated
for the entire range of speeds at which nost of
the trucks in the traffic stream operate. |f nany
of the |oaded trucks are traveling at |ow speeds,
the systemis nore difficult to calibrate due to
the |arger range of speeds that needs to be
consi der ed.

2. Cal i bration Mnitoring

For "office" monitoring of proper WM system
calibration, Caltrans uses a software program that
tracks truck weights by speed distributions. The
purpose of this tracking is to determ ne whether
or not the systemis properly calibrated for the
range of speeds at which nost of the trucks
operate. \Wen the speeds range is large, and
speeds are dependent upon the trucks' [oads and
gpry,lthe wel ght/speed anal ysis is nmuch nore
ITricult.

3. Passi ng

Sl ow nmoving trucks may cause a significant amount
ofhp%33|ng within the WM system by faster
vehi cl es.

Exi sting Pavenent Profile and Condition---

VWhen operating properly, bending plate WM systens report
dynam ¢ wheel weights quite accurately. However, to expect
any success in calibrating a systemto consistently use
dynam c weights to derive reliable static wheel weights for
a high percentage of the truck population, excitation of the
trucks' suspensions nust be kept to a m ninum when the
wheel s cross the bend|nP plates. This neans, of course

that the roadway profile nust be free of "dips" and "humps'
wel | in advance of the WM systemand that the pavement in
which the systemis installed nust be snooth and stable.

"Preparation” (i.e., replacement and/or grinding) of
pavement in which a WM systemis to be rnstalled and near
proximty thereto is within the scope of a Caltrans WM
Installation contract; major roadway reconstruction to
correct roadway profile problems is not. As such, the
roadway profile and overall pavement condition are
considered first. caltrans has experienced calibration
probl enms due to uneven roa profile 500 feet (152 neters)
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In advance of a WM system |t is recormmended that a
potential WM site have a mninmum 1000 feet (305 neters) of
aPproach roadway with even profile. Consideration should

al so be glven to potential roadway settlement problenms, such
as around bridge and drainage structures. This approach
roagmay shoul d al so have pavenent that is in stable
condition.

If the roadway profile and overall pavenent condition are
acceptabl e, the pavement in the imediate vicinity of the
WM systemis evaluated next. The Caltrans criterionis

t hat the pavenent should be absolutely snooth for 150 feet
(46 meters) in advance of and 75 feet (23 neters) follow ng

the bending plates. It is also noted that Caltrans wil
install bending plate WM systems only in concrete (PCC
paverment. In evaluating the existing pavement for

suitability and extent of replacement, if necessary, the
reviewer needs to consider the inportance of the site in
terms of anticipated truck weight data as well as project
budgetary constraints. For a site with high truck vol umes
on the upper end of the "stratqucaL i mportance” scale, the
pavenent should be inproved to the highest quality that is
affordable in ternms of cost, For a |ow volune truck site on
the lower end of the "strategical inportance" scale, the

m ni mum pavenent preparation effort is probably in order.

In that pavenent preparation criteria need to be considered
as part of the site selection process, those criteria are
discussed at this tinme. The Caltrans pavenent preparation
criteria are, in general, as follows:

1. For existing PCC pavenent

. If in excellent condition (stable and
smooth), grind 150 feet (46 meters) in
advance of and 75 feet (23 neters) follow ng
the bending plates.

“less than excellent condition, replace
ting pavement with seven sack concrete as
oWs:

in
S

Remove exi sting PCC pavenent and
first level base, but no |less then
12 inches (30 cm in depth.

Replace a mninmum50 feet (15
netersg Preced!ng and 25 feet (8
meters) tollow ng bending plates;
Ionger_replacenpnt_based upon
condition of existing pavement and
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inFortance of truck weight data.
Caltrans' longest replacement to
date has been 200 feet (61 neters).

Gind existing and new PCC
pavenent; start grinding 100 feet
(30 neters) preceding new pavenent
and end 50 feet (15 neters)
fol | owi ng new pavenent.

2. For existing AC pavenent, replace existing
pavement with seven sack concrete as described
above for PCC pavement replacenent. Gind
exi sting AC pavenent and new PCC pavenent; start
grinding 25 teet (8 meters) precedi ng new pavement
and end 25 feet (38 meters) follow ng new pavenent.

In reviewing a potential WMsite, it is recomended that the
reviewer observe the traffic flow at various tines of the day,
watching for any of the aforenmentioned "undesirable" traffic
conditions. The trucks shoul d be observed carefully to deternine
whet her or not they are "cruising" through the site at a fairly
constant rate of speed and that they are not bouncing as they
approach the site.

It is also recormended that traffic engineers and roadway

mai nt enance personnel who are famliar with the traffic
characteristics at a candidate site be contacted for their
observations and know edge. Unless the roadway is fairly new, it
Is very inportant to confirmthat there are no plans to wden the
roadway or to perform any pavement rehabilitation work in the
foreseeable future that woul d necessitate remving the WM
system

W M System Layout and Installation Details

Caltrans "typical " details and WM | ayouts for 2, 4, 6, and 8

| ane roadways are included in Appendix A It is noted that the
WM system control ler for each of the two vendors that have
provi ded WM equi prent for Caltrans', PAT and IRD, have a |imt
of six lanes of loop and bending plate inputs. As such, any WM
site reSU|r|ng in excess of six |anes of instrunentation is
designed for two controllers (basically, two individual WM
svstens for one WM site). Although Caltrans plans do show the
pavenent sensors (loops, bending plates and, if necessary, piezo
axle detectors) in some detail as to |ayout, such ﬁlans provi de
that these sensors be positioned in accordance with the vendor's
recormendations. Caltrans specifications for WM installation
included in Appendix B, further allow the WM vendor to request
nmai or WM system conponent and/or configuration nodifications as
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IonP as Caltrans' cost is not increased and the system neets
performance specifications. The intent of such provision is to
al l ow PAT, IRD, or any vendor, to utifize inproved technol ogy
when it becones avail able.

As noted_PyevLoust, Caltrans has continually nodified the plans
and specifications in an effort to mninize construction, _
mai ntenance, and data problens. Al though a thorough explanation
of every detail of the Caltrans WM | ayout plans is well beyond
the scope of this discussion, a few of the "in-roadway" details
are explained follow ng:

Loop "honme runs" are run to the weighpad drainage
channel instead of to the shoulder. Al scale [eads
and | oop home runs for each roadbed share a single

3 inch (76nm conduit under the outside shoul der

Al though this design requires the installer to start
work in the outside |ane and | eave a "PMI rope" for
scale | eads and | oops as they are installed in each
subsequent adjacent lane (when working in |lane closure
conditions), this procedure reduces the nunber of
shoul der conduits, sinplifies installation under
traffic, and sinplifies maintenance.

To prevent any roadmaK and/ or shoul der failures, it is
very inportant that the shoul der conduit and drainpi pe
comng fromunder the weighpads be stable and have a
strong foundation with no cavities at the edge of
pavement. The Caltrans detail calls for the conduit
and drain to protrude a mninum of 4 inches (10m)
into the weighpad drainage channel and that they be
encased in epoxy under the weighpad. In the shoul der
area, the conduit and drain are encased in 6-sack
concrete as required by Caltrans standard

speci fications.

For WMsites with three or nore lanes of travel in the
same direction, Caltrans' plans normally specify the
inside lane to be instrumented with Class Il piezos in-
|ieu of weighpads. These |oop home runs and piezo

| eads are also extended to the outside shoul der using
the weighpad drain channel. [If replacenent of either

| oop or the piezois to be facilitated, it is very

i nportant that any one of the home runs or piezo [ead
can be pulled back to the inside lane by itself "free
and clear". The Caltrans detail calls for individual
conduits fromthe inside | ane piezo | ead and | oop hone
run slots to the weighpad. drainage channel in the

adj acent | ane.
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The WM | ayout details shown in Appendix A are "generic" and
subject to nodification to fit specific site conditions. For a
four lane configuration, median conditions may be such that the
scal e and Ioog. eads for the | anes on the opposite side of the
control l er cabinet may be pulled through a conduit under the
medi an shoul der to a pullbox instead of under the autside
shoulder. By running the | oop and scale |eads to the nedian, one
crossover conduit under the opposite two |anes can be elim nated.
However, a drain pipe will still have to be installed under the
outside shoul der (except in an atypical situation where the
roadway surface slopes to the nedian).

Anot her site specific consideration is that any pul | boxes which
are subject to heavy wheel |oads should be designated on the
project plans as high strength with steel |ids %connnnll referred
to as "traffic" pullboxes). And, as discussed under "Site

Sel ection" above, the controller cabinet should be located in a
safe and easily accessible location

Qbvi ously, even the best designed and best installed WM system
cannot collect continuous data wthout a source of power.

Li kew se, without a reliable comunications [ink, the WM data
cannot be transferred fromthe renote WM systemto the "host"
conputer unless a trip is made to the WM site. Poor |ayout,
conponent design, and specifications of power and phone utilities
can result in continual maintenance problens and |[oss of data.
Wien feasible, Caltrans attenpts to facilitate nmaintenance of WM
power and phone utilities by installing WM specific service
points, conduits, and pullboxes in-lieu of "sharing" with other
roadway utilities (such as highway ||ﬂht|ng, ranp metering,

etc.). Additionally, WM power and phone conductors do not share
conduits or pullboxes. The power and phone service points shoul d
be located for easy access and, as discussed previously, every
effort should be nmade to situate the pull boxes such that they are
not subject to ponding water.

There are probably as nan%ygﬁod and bad design ideas as there are
agencies responsible for installations. Regardl ess of the

equi pment to be used or an agency's general Fre erences on design
standards for its WM installations, the follow ng considerations
shoul d al ways be nade for each and every conponent of the system

L. s it physically possible to install each sequenti al
conmponent given anticipated restrictions such as number
of traffic lanes that can be closed and times of
cl osures?

2. |s the structural integrity of the roadway being
t hr eat ened?
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3. WIIl it be possible to repair or replace a failed
conponent, such as a weighpad or a loop, W th m ninal
| ane closures and inpact on other conponents?

WM System Equi pmrent

The Cal trans equi pnment specifications are included in Appendix B
These system conmponent specifications are very general in nature
and are oriented nore toward functional and perfornmance
requirenents than "how it rmust be built" requirements. In that
conponent failures, either during acceptance testing or during
the required warranty period, can be quite costly (and reputation
damaging) to the WM nanufacturers, the manufacturers do have
good reason to develop and provide quality equipment, Caltrans
recently increased the required warranty period for bendln?_

pl ates ¥|nclud|n9 all labor and traffic control costs) to five
years due to failures. Caltrans is currently giving
consideration to increasing the currently required one-year
warranty period for all other system conponents.

Construction and Installation Techniques

G ven the best possible site location conditions, good WM | ayout
design, and the best WM equi pnent avail able, the objectives of
good data, |ow maintenance and |ong performance life all hinge
upon one thing; p[QFer_|nstallatron! Cal trans experience
dictates that a qualified agency representative needs to perform
full time inspection and oversight of every_phase and detail of
the WM system installation fromstart to finish. Al plans and
specifications must be rigidly enforced, subject to instantaneous
dechslpns as to nodifications necessitated by unforseen

condi tions.

The Caltrans installation requirements are contained in
Appendi x B. A discussion of the installation details follows:

Site Layout---

Al though the project plans show all conduit runs, service
points, and cabinets, the exact |ocations need to be
identified for the contractor. It is quite conmon that the
conditions found at the site (drainage ditches, existing
utilities, etc.) necessitate mnor revisions to the

| ocations of cabinets, conduit runs, and pul | boxes

The exact location of the bending plates are generally
determned by two factors; the pavement condition and, for
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avement that is to remain in place, the pavenent joints.

he nethod of pavenent preparation (i.e., replacement and/or
grlndlngL and the [imts of such preparation were determ ned

uring the "site selection" process as FreV|oust_d|squssed.
Al t hough anY maj or changes to such earlier determnations
woul d normal |y be beyond the scope of the project, the
planned limts of the pavement preparation work shoul d be
carefully reviewed at this time to determ ne whether or not
any benefit may be gained by mnor "shifting" of such
limts. After the exactlimtsof the pavenent preparation
are deternmined, the exact l|ocation of the bending Blates I'S
det erm ned based upon the planned position of the bending
plates in relation to those limts.

In California, virtually all concrete pavenent roadways are
constructed wthout reinforcing bars. To control cracking
weakened plane joints are installed at intervals varying
from 12 feet (3.7 neters) to 18 feet (5.5 meters). These
joints are normally on a skew across the pavenent, with an
offset of 2 feet (0.6 neters) for each 12 foot (3.7 neter)
lane width. \When bending plates are to be installed in
existing concrete pavenent, it is very inportant to locate
the bending plates such that they are'as far away fromthe
pavenent joints as possible to avoid excessive meakenlng of
the pavenent. Caltrans experience indicates 3 feet (0.
neters) should be the absolute mninum for this clearance.
Wien existing pavement is to be replaced with new concrete
pavement, the spacings of the pavenent joints can be _
calculated to provide a "best fit" condition for the bending
plates and the |oops. To better facilitate the fit, the
joints are installed perpendicular to the roadway instead of
on a skew as found in existing concrete pavenent. An
exanple of a typical joint layout is shown in Appendix C
As inportant as it is to |ocate the bending plates away from
the pavement joints, it is |ikewise inportant that the
joints not be spread too far apart, particularly in the
vicinity of the bending plates. Nonreinforced concrete
pavenent is going to crack at randominterval s averaging
approximately 15 feet (4.6 meters). The purpose of the
PavenEnt joints is to "weaken" the pavement at each joint so
hat the cracking occurs at each joint instead of "random y"
across the pavenent. |f the two pavenent joints between
whi ch the bend[n? plates are installed are too far apart,
the pavenent will crack under the weighpads due to the
"weakening" of the pavenment at that point. Caltrans
typically "fits' the bending plates 1n a 14 foot (4.3 neter)
pavement panel as shown in Appendix C.

455



Qui nl ey 15

Pavenent Repl acenent---

Once the longitudinal limts of the pavement replacenent is
determ ned, the next two determnations are as follows:

1. Lane Lines

|f the existing pavement is concrete, the l|ane
lines for the new concrete pavenent will normally
match the old lane lines. [If the existing
avement is asphalt concrete, the new pavenent
ongitudinal joint is normally offset slightly so
that the new pavenent delineation markers wll not
have to be set on the joint.

2. Edge of Traveled Way (ETW

Al t hough the new ETWwi || nornallg mat ch the

exi sting ETW consideration nust be given as to
whet her or not the EXISIIH? shoul ders are suitable
to be used as the "fornms' for the paving screed.

|f not, the pavement excavation operation mnust
extend into the shoulder to allow roomfor side

forns.

Caltrans specifies that the outlines of the excavation of
pavenent renmoval be deep enough to penetrate all Iﬁyers of
exi sting pavement sections to be renoved. This makes
excavation easier and |essens the chance of "lifting" or
damagi ng adj acent pavenent or shoul ders.

After the existing pavenent and base nmaterial have been
renoved and grade made for the new concrete pavenent, the
opportunity exists for the contractor to install any planned
roadway "crossover” conduits in a shallow trench across the
excavated section prior to pouring the concrete, This
relatively sinple operation elimnates the need for tine
consum ng and risky boring or jacking of conduits under the
roadbed. = Caution is in order, however, that no

conduit be allowed to conme in contact with concrete
containing cal ciumchloride (calciumchloride will "eat
through" netal conduit). It is also inportant that these
conduits are well referenced so that they can beeasily

| ocated | ater.

Almost all Caltrans WM systens are installed in roadway
sections carrying traffic, As such, calciumchloride i§
added to the concrete mx to accelerate the curing tine of
the new pavenent.
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In that Caltrans' specifications always require grinding of
the new concrete pavenent, the surface "finish" of the new

slab is not critical at the time of the pour. It is very
| mportant, however, that there be no significant |ow spots
inthe finish. In effect, to neet stralght-edge tol erance

requi renments, a good portion of the slab would have to be
ground down to the level of any such low spot. Contractors
will tgplcaLIy pour the new slabs |/16 inch (2m to |/8
inch (3nm) higher than planned grade to | essen the chance of
having | ow spots.

As discussed previously, the weakened plane joints are
critical to ensure pavenent stability. As such, the
requirements for the construction of these joints nmust be

vigorously enforced. If the saw cuts are attenpted too

early after placement of the new concrete pavement, the
oints will "ravel" which will lead to undesirable spalling
f such "raveling" still occurs inmediately prior to the

pl anned tinme of opening of the new lane to traffic, such
opening should be delayed until the concrete is well set.
An experienced inspector can generally determne fromthe
"singing" of the saw blade as it cuts through the concrete
whet her or not the new pavenent is ready for traffic

Pavenent Ginding---

Cal trans specifications require that the pavenent in which a
WM systemis to be installed be ground. The criteria for
such grinding was previously discussed under "Site
Selection". The surface variation tol erance for the
grinding is 0.01 foot (3nm wusing a 12 foot (3.7 neter)
straightedge. The intent of the grinding is to create an
absol utely snooth plane for the pavement approach to and
exit fromthe bending plates. The grinding nmachine must
utilize diamond cutting bl ades, should be capabl e of
grinding a mnimum wdth of 3 feet (0.9 neters) in one pass,
and must have a vacuumto pick up the residue. Typically,
the grinder will have to make two or nore passes each wdth
and/ or overl apping passes to bring the pavenent surface into
tolerance. It is noted that the straightedge tolerance
requi renment applies to all of the pavement within the
specified grinding limts, not just to new pavement.

| n- Pavenent Conponent Layout---

Once the pavenent grinding is conpleted, all saw cut lines
for the bending plate franmes, piezo sensors (if utilized),

| oops, and shoul der conduits, can be narked on the pavenent
surface. The location of the bendin%_plates was di scussed
previously under "Site Layout". The first step is to
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establish a line, typically the center of the bending

pl ates, perpendicular to the roadway. Using either the edge
of traveled way or a lane line as control, a "3-4-5'
triangle is utilized. By marking out 16 feet (4.88 neters)
along the control line and swinging arcs for the 12 foot
(3.66 neters) pavenent width and 20 foot (6.10 neters) for
the hypotenuse, a perpendicular line is formed across the
roadway. Fromthis line, all saw cut lines for the in-
pavement conponents can be laid out utilizing the contract
plans and the WM vendor's recommendations. If, in laying
out the loops in existing concrete pavenent, any of the

pl anned |oop saw cuts conflict wth EXISt!nﬂ pavement
joints, the loop positioning should be slightly nodified to
el imnate such conflicts. (Note: Loop saw cuts
perPendlcuIarIy crossing joints are not considered
conflicts.) Normally, mhor revisions can be handled by the
vendor's system software. It is normally beneficial to the
contractor to have the shoulder conduit and drainpipe trench
perineters nmarked at this time so all saw cutting can be
perfornmed at one tine.

Sawcutting for In-Pavement Conponents---

The concrete saw operator should be advised as to the
necessary width and depth of all saw cuts. The loop slots
must be w de enough to easily insert the type of loop wire
specified and deep enough so that the required m ninmm | oop
seal ant cover is obtained after the loop wire is installed.
It is noted that both PAT and |IRD specify "four wap" | oops.

At ang | ocations in the pavement saw cuts that the loop wire
must be threaded through conduits, such as at pavenent
joints and where the "home runs" are fed into the bending
plate drainage channel, short saw cuts shoul d be made

arallel to and on each side of the original saw cut slot to

acilitate the chipping out of a width necessary to
accommodat e the condurts (see "Loop Home Run Details" in
Appendi x A).

Al'l saw cuts in a |ane should be checked prior to moving the
operations to another lane. Discovering narrow, shallow or
other inproper saw cuts during conmponent installation
norpaffy_results in either costly delays and/or a shoddy
installation

Concrete Renoval for Scale Franes---
The "cutouts" for the WM scale frames and drai nage channels

(commonly called the pavenent "demolition") are normally
chi pped out using jackhammers or a rockwheel, If
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jackhammers are used, it is beneficial to have saw cut

addi tional |ongitudinal and ?erpend|cular lines within the
pavenent cutout outlines to facilitate concrete renoval

Care nust be taken, particularly if a rockwheel is used, not
to spall the outer edges of the cutouts or to cut deeper
than the planned bottom of the cutout. Over cutting weakens
t he pavenent under the bending plates, requires nmuch nore
epoxy during frame installation, and makes the frane
installation nmore difficult,

I n- Paverent WM Conponent Installation---

The detailed installation procedures for the bending plates
and | oops are well covered in manuals provided by each WM
vendor. Additionally, Caltrans requires that a
representative fromthe WM vendor be on-site during
installation to ensure that the vendor's requirenents are
met .

Al though the detailed procedures will not be repeated in
this discussion, the follow ng conments are offered based
upon Caltrans experience:

In situations where a lane (or |anes) nust be
opened by a certain tine, records from previous
installations should be reviewed to estimate the
installation time of the upcomng installation(s).
It is very common for a contractor to be over
optimstic on a schedule resulting in massive
traffic jans due to del ayed |ane openings.

The epoxy conponents should be kept cool in hot
weat her and kept warmin cold weather. Cold epoxy
will take too long to set; epoxy that is too hot

w il set up before the scale frames are in proper
position. In cold weather, the_epoxY curln% time
can be greatly reduced by erecting plywood A-frame
"tents" over the scale frames and introducing heat
by a propane heater.

Before starting an installation, it should be
verified that all necessary equipnent, materials,
and WM conponents are on-sSite. The WM vendor's
reFresentatlve shoul d performresistance checks on
al | weighpad | eads.

. Prior to pouring the epoxy which bonds the scale
frames to the pavenment, the pavenent "cutout" for
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the frame nust be absolutely clean and dry. The
vertical sides of the cutout should be wire
brushed so that no residue is present. The anchor
hol es shoul d be checked to ensure they are free of
any loose material. Both PAT and |RD
installations utilize construction of nortar

"dams" to keep the epoxy fromflowng into the
dr ai nage channel . Care nust be taken that "sluff"
from these dans does not fall back under the scale
frames or'into the anchor holes during the epoxy
pour .

Ensure that all conduits are sealed with tape or
duct seal so that epoxy cannot enter. The nortar
dans shoul d be constructed such that drainage
channel conduits, the shoulder conduit, and the
shoul der drainpipe are all encased in epoxy.

Ensure that each scale frane is properly grounded.

Ensure that the |oop slots are clean and dry
imedi ately prior to and during loop wre
installation. It is particularly inportant that
no small rocks or other sharp edged debris be in
the slots. Ensure that the proper nunber of waps
are installed and that the loop wires are at

proper depth with no slack. Ensure that all |oop
W res crossing pavenent joints are in conduits and
that conduits are sealed to prevent intrusion of

| oop seal ant.

Both PAT and IRD require that the |oop "home run"
twisted pair have a mninmum of three tw sts per
foot (0.3 meters). Although it has been common
practice to splice the loop twisted pairs to |oop
detector |lead-in cables as soon as possible
(usual ly at a shoulder term nation pullbox), .
Cal trans now prefers to run the twisted |oop pairs
all the way to the controller cabinet if such
cabinet is not nore than + 35 feet (11 neters)
fromthe edge of traveled way to elimnate
splices. It is inportant, of course, that each
tw sted | oop pair be properly twisted for the
entire run.

Using the Caltrans |ayout schene, the weighpad
| eads and the |loop twisted pairs are pulled
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toget her through the shoul der conduit to the first
pul'l box.  The [ane nearest the pullbox is
Instrumented first and a pullrope fromthe pullbox
IS pushed into the adjacent lane l[ine conduit.

Such pullrope is used to pull conductors for that

| ane and so on. To avoid having to go back and
pull a previously set weighpad, it is very

| nportant that:

1 The pullrope is installed and
accessi bl e.

2. There are no obstructions, snags, or
excessive cable slack in the drainage
channel .

3. The conduits are not obstructed

. The ends of all cables tenmporarily left in the
pul I box should be sealed with electrical tape to
prevent noisture intrusion.

O f-Roadway WM Power, and Phone Conponent Installation---

Planning for and |ayout design for the necessary conduit
runs, pullboxes, and cabinets were previously discussed.
The installation of these facilities should generally be in
accordance with standard specifications and el ectrical codes
governing non-WM facilities such as street |ighting, signa
controllers, ranp netering, etc. It is stressed however,
that inproper installation techniques can result in

mai nt enance problenms and |oss of WM data. An accurate set
of "as-built" plans show ng actual conduit runs ang gepths
can be very valuable in performng naintenance work as wel |
as preventing dana?e fromtrenching and/ or digging

oPerations during future construction work in the vicinity
of the WMsite.

ACCEPTANCE TESTI NG OF WM SYSTEM
Caltrans performs acceptance testing in three stages as follows:
Syst em Conmponent QOperation

Before even considering "calibrating" the systemfor axle

spacings and weights, all conponents should be checked forIPrgper
e

operation. Al Toops, weighpads, and piezo sensors (if call
for) should be sending signals to the controller and the various

control | er conponents shoul d be properly converting those signals
into data elements. Each vehicle traveling through the system
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shoul d be observed and conpared to the corresponding "real ting"
WM output on the system monitor. For high traffic volume sites,
it is easiest to set the systems "real time" display to one |ane
at atinme. It is beneficial to make an "educated ?ues§‘ at
either the t¥p|cal speeds or typical axle spacings for the
current traffic flow and adjust the system s paraneters
accordingly.

|f the "real time" WM vehicles do not consistently match the
observed vehicles, or if some of the speeds, axle counts, or
speeds seem erratic, there is Frobably a problemwth a sensor, a
Wi ring connection, or a controller conponent. The exception to
this would be in situations where the "undesirable conditions"
exi st as discussed under "Site Selection, Traffic Conditions".
Under such conditions, it is very beneficial to docunent the
types of the WM "errors" and the observed traffic conditions
causing those "errors" as well as the affected |anes, typica
times of occurrence, etc. This documentation is used to devel op
a project "personality' that is invaluable in subsequent data
validation reviews perforned in the office.

Initial System Calibration

At such time that all system conponents are working properly, the
systemis ready for calibration. Basically, the intent of

initial calibrationis to use WMreadings fromone or nore
"test" vehicles with known dimensions and axle weights as a basis
for adjusting the WM systenis parameters so that the WM
readings match, within reason, the actual neasurenents.

The Caltrans specifications are witten such that it is the WM
vendor's responsibility to calibrate the system il.e.
"calibration®, in itself, is not technically part of "acceptance
testing") and Caltrans' responsibility to fol om1up_mnth

"accuracy performance testing' to verify that functional _
requi rements for accuracy of axle weights, axle spacings, vehicle
length, and speed are nef. However, Itrans has found it to be
much nore beneficial to work with the vendor during calibration
and, if there are no S|En|f|cant probl ens, use the final set of
test truck runs to check for accuracies neeting functional
requirements. If problens arise in trying to use this nethod,
Caltrans will perform acceptance testing with its own test truck

Cal i bration Phil osophy- - -

The Caltrans techniques for initial calibration and on-going
calibration monitoring of a WM system are based upon the
followi ng premses derived from nine years experience:

1. Bending plates are very consistent at reporting
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what they "feel" (i.e.: dynamc weight) subject to
some variation with tenperature.

2. \ights reported by a WM systemfor a particul ar
vehicle will nornally vary with that vehicle's
speed.

3. Dynam ¢ weights, as reported by WM equi pnent, can
never match static weights for every axle of every
vehicle due to the many dynamc forces at play.

4, A WM system should be calibrated to replicate, as
closely as possible, the static weights of most
"typical" vehicles at their nost typical operating
characteristics.

5. It is neither practical nor effective to attenpt
static weighing of a |large sanple of random
vehicles fromthe traffic streamto calibrate a
WM system

6. Wth rare exception, Caltrans does not have the
resources to use nore than one test truck to
performinitial WMsite calibration or to perform
periodic calibration checks using a test truck
As such, Caltrans depends upon routine data
anal yses procedures to verify calibration.

Cal i bration Procedure---

As the 5 axle tractor-sem is the predom nant "truck" on
California's State highway system this vehicle is al nost
always used to calibrate a WM system Additionally, the
test vehicle should be eqU|pﬁed with air suspension for both
tandem axl e groups in that these suspensions provide the
nost consistent dynam c weight readings. The steer axle and
both tandem sets are statically weighed. The typical gross
wei ght is 65,000 pounds (29,000 kg) to 75,000 pounds

(34,000 kg). Axle spacings and overall length are measured.

Ideal ly, the calibration procedure goes as follows:

L Prior to the arrival of the test truck, WM
ght, axle spacing and overal | Ienth settings
are adjusted using “typical" vehicles in the
traffic stream

2. The test truck makes several runs in each lane to
confirm that the weight factor settings are close,
say within 5 percent.” It is very inportant to
adjust the WM axl e spacing outputs to be accurate
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at this time. Proper axle spacing readings are a
validation of accurate speed. In that WM weights
are speed dependent, speed accuracy is necessary
for the next step in the calibration process.

The test truck is now run at speeds between 45 nph
(72 km'h) and 65 nph (105 knfh) (dependent upon
typical traffic characteristics) in increments of
+- 5 nph (8 kmih). "Gross wei ght percent error by
vehicle speed" graphs are used to plot each truck
run for each lane. A mnimumof three plots for
each speed increnment per |ane should initially be
obtained. Additional truck runs should be made at
any speed increnent for which the three plots are
nof consistent.

These graphs are intended to provide an indication
of the weight dynamcs effected by the pavenent
(assuming, of course, that each veighpad _and the
electronics are functioning properly). These

graphs are anal yzed and the weight factors are
adjusted. For the PAT systens, which provide

wel ght factor adjustments for three "speed

points", such "speed point' weight factors are

adj usted using the speed Rlots from the graphs.

For the IRD systens, which do not provide for any
"speed point" "adjustments, the graphs are used to
adj ust the WM wei ght factor to be accurate for

%he speed range at which nost of the truck traffic
ravel s.

After the weight factor adjustnments are nade as
noted above, the test truck is run again to
confirm the new factor settings. Normally two
runs at each speed increment I's adequate. These
final runs are used to conpile the statistics

whi ch determ ne whether or not the WM system
meets "functional requirements” for accuracy. |If
such functional requirements are not met, or if
either of the initial or final sets of test truck
runs indicates a problemwth the system a test
truck will be brought out by Caltrans and run
extensively to pinpoint any specific problenms in
the systemor wth the pavenent,

464



Qui nl ey 24

It is recognized that calibrating a VVhAsVsten110 a single test
truck does not ensure that the systemw /!l replicate static
weights of all trucks in the traific stream  However, the _
initial calibration is a "starting point" and will generally %IVE
an indication as to extraordi nary dynamc effects caused by the
roadway and/or any major problens in the WM system itself.

During the calibration operation, notes should be taken on the
various types of trucks passing through the site and the
operating characteristics of those trucks. This information is
very useful in the subsequent "fine tuning" calibrations
perforned in the office.

72 Hour Continuous Operation

After testing the systemfor proper conponent operation and the
ability to produce data neeting accuracy requirenents, Caltrans
monitors the systemfor a 72 hour period. Al data for this
period is reviewed using both the WM vendor's application
software as well as Caltrans' system analysis software to ensure
that all system conponents are working well on a continuous basis
and that all hardware and software are in conformance with
3ﬁe0|f|cathns. Upon successful conpletion of the 72 hour test,
the systemis accepted and the warranty periods begin.
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SUMVARY

This paper is not intended to be used as a WM installation
"manual ".  However, many of the procedures and techniques
di scussed could be incorporated into a formal manual.  Such
procedures and techniques are neant to be "practical”, not
'scientific", in nature. It is recognized that sone of the

termnol ogy and/or methodol ogy used in this paper may be
unfamliar to those not know edgeabl e of "construction"
oPe(atlons and techniques. [|f these areas of the discussions are
of interest to such readers, hopefully resources are available
for clarifications.

After acceptance of a WM system the data collection, data
validation, and data dissemnation processes begin. In that it
Is very inportant that the data analyst be know edgeable of the
site characteristics, the traffic characteristics, and the
trucks' operating characteristics in order to properly validate
the data and "fine tune" the systens' calibration, as nuch
document ation as possible should be accumulated during on-site
system Iest|n?. It is not uncommon for problens encountered
during installation to have a detrinental effect on data.
Therefore, any such installation problems should also be
docunented. Al though data validation procedures are not within

the scope of this paper, Caltrans has prepared a paper on this
subj ect which is contained in Ihefflgmaxhngsh_yaﬁunE_LL of the
1994 National Traffic Data Acquisition Conference.

Qbvi ously, the methods and procedures devel oped bY Caltrans for
the planning, design, and installation of WM systems will not be
100 percent applicable to all other agencies responsible for WM
installations. In that these procedures were developed, in part,
based upon data and/ or mai ntenance probl ems encountered with WM
systens installed over a nine-year period, it is hoped that at

| east sone of the procedures presented herein will reduce the

"l earning curve" of other agencies so that sone of the problens
encountered by Caltrans are not repeated.
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DOUBLE THRESHOLD WEIGH-IN-MOTION SCALES
PRELIMINARY ACCURACY TEST RESULTS
FROM THE PASS PROJECT

Milan Krukar, Kenneth R. Evert and H Martin Laylor
Oregon Department of Transportation

-ABSTRACT-

Theoreticaly theuse of several WIM scalesin seriesshould improvetheir accuracy with respect to static scaleswith consistent
weightsandlower error variability. Unfortunately, not too much has been donein this area using bending plate and/or heavy duty
singleload cell WIM scales. Somework has been done using multiple sensors such as piezoel ectric cabl eswhich showedthat
accuracy didimprove. The port-of-entry advanced sorting system (PASS) demonstration project, near thethe Ashland port on -5
northbound and located about 12 milesfrom the Californiaborder, offered an opportunity to testthis hypothesis on WIMscales
largerthan cables. Thepreliminary resultslook encouraging but it may be that the accuracy improvement ismore afunction of
pavement condition than the double threshold scal es themsel ves. The authorsinthis paper discussthe theory underlying the double
thresholdscal es, previousliteraturefindings, and present up-to-dateresults.

PAPER

| NTRODUCTI ON

The PASS or the Port-of-Entry Advanced Sorting System Demonstration Project started
in 1992 and has been ongoing, slated to end this June 1996. The PASS project is located
on I-5 northbound with the WIM/AVI systems located at mile post 12.4, some 5 miles
south of the Ashland port-of-entry (POE) located at mile post 17.5 (1,2). The principal
objective of this project was to test the feasibility of using two-way AVI communications
systems with on-board devices so that heavy vehicles can be sorted at highway speedsin
both lanes, without resorting to message signs and lane restrictions. A secondary
objective was to test the feasibility of using “double threshold” WIM scales to improve
the weighing accuracy for sorting vehicles.

The purpose of this paper isto present preliminary findings obtained from testing the
weighing accuracies of ‘double threshold” WIM scales for sorting purposes.
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WIM ACCURACY FOR SORTING

THE ISSUE

A significant issue in mainline sorting is the high-speed WIM accuracy required to
provide reasonable vehicle sorting without allowing overweight trucks to bypass static
scale (3). Past experience has shown that the existing WIM system upstream of Ashland
is showing an error of approximately five percent on gross vehicle weight (GVW). To be
95 percent confident that alegal truck would not be directed to bypass the scale during
sorting, a ten percent tolerance would have to be used. Unfortunately most heavy vehicles
operate within 90 percent of their legal load. In other words, too many trucks would be
directed into the static weigh scales. To prevent these legal vehicles from reporting to the
POE aong with theillegally loaded vehicles, WIM accuracy must be improved for both
gross weight and axle weights.

WIM ERRORS

WIM systems can only give an instantaneous indication of the axle or wheel load as the
vehicle crosses the WIM scale. If the WIM system could operate without error, the
reported load would be the true dynamic force exerted by the wheel on the WIM scale.
Users of WIM systems usually want to infer static weights from dynamic measurements.
The difference between static and instanteous dynamic weight is often treated as WIM
error. Commonly, WIM “errors’ are considered to have three components:

1. WIM scale error;

2. Errors due to forces caused by vehicle dynamics; and

3. Static scale error.

Usually it isimpractical to separate out these effects, consequently, they are most often
treated asa“single” error.

WIM scale error can be further described by two measurement parameters:
1. Precision errors; and
2. Accuracy or “bias’ error.
The precision error may be estimated by examining the variability or standard deviation

of the distribution of weightsin a representative sample. The distribution has at |east
threecomponents:
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1. The fleet variability. Thisis the distribution of true weights in the sample
and is most often estimated by examining the distribution of weights as
measured at static scales.

2. The variability due the vehicle dynamics. The condition of the road and the
speed of the vehicle are the major components.

3. The variability introduced by the weighing device itself. Thisisa
characteristic inherent in all weighing devices.

The precision or bias error may be estimated by examining the mean of the distribution
and has at least two components:

1. The bias due to the vehicle and road conditions. For example, lift, due to
air flow over a part of the vehicle, may introduce a bias in the weight
determination of a specific element of the vehicle.

2. The bias introduced by the weighing device itself Thisis a scaleable
characteristic of most weighing devices and is the most easily corrected.

The purpose of calibration isto compensate for bias, reducing it asfar as possible. Other
procedures and methods are needed to minimize precision efrors.

ASTM STANDARDS

The ASTM EI 3 18-92 specification entitled “a Standard Specification for Highway
Weign- in- Motion (WIM) Systems with User Requirements and Test Method” represents
the first North American with regards to the testing and requirements of WIM systems
(4). This specification defines four types of WIM systems:

Type | representing a high accuracy data collection system (typically bending
plate WIM),

Type Il representing alow cost data collection system (typically piezoelectric
WIM),

Type Il representing aWIM system for use in a sorting application at aweigh
station on an entrance ramp (either bending plate WIM or deep pit load cell

WIM). Note that this classification is for speedsin the range of 15 to 50 mph (24
to 80 km/h) which is below highway speeds.

Type IV representing alow speed weigh-in-motion scale system.
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Table 1 showsthe ASTM performance for each WIM type. It should be noted that a
specification for low-speed and for high-speed WIM systems does not exist. As mainline
sortings becomes accepted, this issue needs to be addressed.

WIM TECHNOLOGY

Different technologies are used in Weigh-in-Motion, each offering a different level of
performance at a different cost. It is accepted that in WIM systems, you generally get
what you pay for. Low cost sensor based systems offer inexpensive sensors and
installation, and provide lower overall performance. Strain based WIM scales offer a
lower cost scale with relatively low cost installation, and the performance is generally in
the middle of al the technologies. Deep pit load cell based WIM technology providesthe
most accurate and easily maintainable WIM system, but the cost of the scales and the
installation is substantially higher. These are summarized in Table 2.

Table 3 compares the differences in performance of aWIM system as function of initial
cost of the system, and the average cost of the WIM over a 12 year life cycle (
maintennace included). As‘ can be seen, there is a dramatic increase in capital investment
when going from low cost WIM scales (bending plates) to load cell MM technology.
However, when considering the life cycle cost, it can be shown the the more expensive
WIM technologies offer alower average life cycle cost (5).

PREVIOUS STUDIES

Very little research has been done into the use of the “double threshold” WIM in an effort
to increase the overall accuracy of aweighing system. Only four works pertaining to
multiple sensor Wim exist.

Piezoelectric Cables

Work in Oregon used multiple piezoelectric sensors (7,8). The testing involved a set of
four piezoelectric sensorsinstalled in the same lane on a mailn lane of Interstate 5. It was
found that the overall accuracy of a system using multiple sensors improved when
compared to the error rates of single sensors. Using two sensoprs, the standard deviation
of the mean was reduced by as much as 30 percent. The study also found that there was
no substantial benefit in using more than three sensors as there was a decreasing increase
in accuracy of any sensor after three. Previous studies in France (9) using multiple piezo
sensors have indicated reduction in errors by as much as 50 percent.

There are some caveats concerning piezoel ectric sensors:
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The Oregon and French studies involved the use of multiple piezoelectric sensors, and
multiple WIM scales. Piezoel ectric sensors respond much differently than WIM
scalesin that piezoelectric sensors measure the instantaneous load of a vehicle
through dynamic measurement of the energy imparted to a pavement rather than
measuring the true load of a vehicle wheel. A WIM scale may offer more damping of
some of the higher frequency oscillations associated with a moving wheel, which are
in fact measured with a piezoel ectric sensor.

*  Theargument can be made that the piezoelectric WIM system error is made up of a
significant amouint of error contributed by the sensor. In aWIM system using scales,
the contribution to the error by the scale may be very small. The central limit theorem
requires that the sensor error be relatively small in order to show any significant
increase in accuracy.

Other Sensors

Results of the same study published in 1989 (10) and 1991(11) on WIM capactance
strips showed that three or more evenly spaced sensors increased accuracy better than two
sensors. Thre researchers recommended that a good design choice to use was three-sensor
arrays. A model was used to space the multiple WIM sensors so that the effect of
suspension dynamics on the WIM accuracy could be reduced when estimating static
loads.

One of the fundamental problems using the model isthat it requires assumptions
regarding vehicle suspension types and oscillating frequencies. This model provides
optimal spacing for multiple sensor WIM systems under the assumption that the
frequency of the oscillations of thevehicle suspension and vehicle speed are fixed.
Currently many different types of suspensions are used on commercial trucks varying
greatly in the frequency of oscillation. Additionally, the speeds of highway trucks will
vary considerably depending on the vehicle loading and the traffic conditions. These
modelswill be lessthan totally effective when one considers that the fundamental
variables only hold true for a portion of the time.

Bending Plate WIM

WIM manufacturers such as PAT and Streeter-Richardson in the past have recommended
at least two WIM scalesin service for sorting, claiming that this will improve accuracy.
International Road Dynamics Inc have made similar claims for their bending plate WIM
scales. PAT engineers have made the following claims:. for gross weight, the percent error
is reduced from eight to five percent at two sigma, and for axle weights, the reduction in
error isfrom eleven to five percent at one sigma. No datais available.. It does seem
reasonable provided the pavement isin excellent condition and truck suspension is well
maitained, that the dynamic/static weight differences will be reduced.
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A previous study in California by CALTRANS (12) investigated the potential accuracy
increase using “double threshold” bending strain based scales. “ Double threshold” WIM
systems were installed in in two lanes and one WIM system in one lane. Although there
was no noted increase in accuracy between a single and “double threshold” WIM system,
the results are mainly inconclusive. While the study used sensors installed in the same
lane and used random traffic, a limited number of samples was collected. Additionaly, it
is not known within the study whether the two-sets of scalesinstalled in the same lane
were independently calibrated. The results for asingle set of scales was obtained by
effectively turning off one of the scale sets. Scales between lanes were compared rather
than the same scales in the same lane. No mention of pavement condition was made
regarding the testing and the testing was only based on the one site.

Findings From Previous Studies

Although theory suggests that an increase in accuracy using “double threshold” WIM is
possible, only work with piezoelectric and capacitance sensors seem to show any kind of
improvement. Using more expensive WIM systemsin a“double threshold” modein
theory should improve accuracy, but in the one study, the results were inconclusive. The
theory and the few studies suggest that the accuracy of the “double threshold” WIM could
be improved to aimost equal the performance of the next higher cost WIM technology.
But other factors such as pavement condition and vehicle characteristics may play amore
important and may negate these gains. More work is obviously needed.

THE “DOUBLE THRESHOLD” WIM CONCEPT

THE RATIONALE

As can be seen from Table 3, the cost of WIM sensors and their installation varies
considerably and appears to be correlated with their accuracy. This has led to the concept
of “double threshold” WIM systems, where two sets of lower cost WIM technology such
as bending plate scales are installed in asingle lane, in series, instead of asingle set of
higher priced WIM scales. The rationale for the use of “double threshold"WIM is:

. “Double threshold” WIM is a less expensive alternative than the next expensive WIM
scaleinstallation.

« The accuracy of “double threshold” WiM systems can approach that of the more

expensive WIM scales gatigicdly. In other words, the accuracy obtained by using two
(or more) sets of WIM scales will improve,due to the increase in samples.
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“ Double threshold” WIM offers alevel of redundancy in that two sets of WIM scales
offers a second set of scales, which will enable the configuration to still be used in the
event that one scale in the lane fails.

RATIONALE vALIDITY

Theoretical Considerations

A “double threshold” bending plate weighing system is made up of two independent
bending plate scales whose outputs are combines by averaging to get the averaged weight
of the axle group being weighed. These axle groups correspond to the axle
configurations that are weighed at a static scale. The gross vehicle weight (GVW) is then

determined by adding up the axle group weights.

A bending plate scale is made up of two independent weighing devices, one in each
wheel track. For this paper the individual weighing devices ate termed plates. Since the
double threshold configuration has two bending plate scales, scale 1 and scale 2; plates 1
and 2 are designated to be in the left and right wheel tracks respectively to make scale 1
Similarly, plates 3 and 4 make up scale 2.

Since axle group weight data from a bending plate scale needs to be calculated in a
manner that will enable direct comparisons to the axle group weight data determined at a
static scale, Equation 1 was developed. This equation can be used to estimate the “single”
or “double threshold” axle group weights from the weights output by the individual
plates.

The “single threshold” caseis:

Where: Wnd2istheaxle ns group weight
w; isthe W = Z Wi corresponding
wheel weight from a plate g £
n=2is =1 the single axle
group

n=4isthedud axlegroup
n=6isthetripleaxlegroup - etc.

The “double threshold” case is:

Vhere: Wn /4

IS the axle group weight na
i T Wi

i=!

W,

NE
It

w IS

the corresponding wheel

wei ght fromaplate
n=4isthe single axle group
n=8is the dual axle group
n=12is the triple alegroup - etc.
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Single vs. “ Double Threshold” Weighing

One of the most frequently asked questions about double threshold weighing is “how
much improvement in accuracy can be expected by going to the double threshold
configuration?’

Suppose we use the scales to determine the mean of n weighings. The single threshold
configuration would have n determinations to estimate the mean. The double threshold
configuration would have 2n determinations to estimate the same mean. From statistical
techniques for interval estimation, the following is suggested.

Given n, within how many ¢ units of the true mean will the sample estimate fall with
some pre-defined probability? Let k stand for the number of o units from the true mean
and z be the z score associated with the desired probability, then for the single threshold
case:

k =_z_c_.
-
and for the “double threshold” case:
k =_-Zi_
“ Jon

The percent improvement in the estimate of the mean by having 2n weighings in stead of
nis

ks - Kd

(2t =100 L )100 = 20%

=@ 2

Even though n drops out of the equation it does not mean that every double threshold
weighing can be considered better than the corresponding single threshold weighing. At
best, the 29% should be thought of as an upper bound in double to single threshold
Improvement.

The above theorem holds true regardless of the type of distribution of the original
population, and that the sample means will be normally distributed. In addition, the
central limit theorem will apply only if the samples are independent of one another. In the
case of a“double threshold” WIM system this would mean that each of the WIM scales
would have to be independently calibrated, and the weights obtained from each would
have to be independent of one another. This holds generally for al “double threshold”
WIM systems.
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“Single” Axle vs. “Wheel” Weighings

Interval estimation techniques can be used to gain insight into other facets of WIM,
which apply to both single and double threshold configurations. For example, consider
what occurs when weighing a single axle, double axle and determining the GVW of a
standard 3S2 or a 2S1-2. The single axle weight is determined by combining either 2 or 4
weighings, depending on the scale configuration. The double axle weight is based on 4 or
8 weighings while the GVW is based on 10 or 20 individual weighings. Sinceit can be
shown that the distribution of wheel weightsis normally distributed for large n, the upper
bounds for the improvement in the estimation of the mean between the axle groups and
the GVW can be approximated as follows.

zZ

“

V4
“ 7

zZ
Fomr = 716

The single threshold case would only reduce the argument under the square root by 2. It
could be up to a 37% improvement in the estimation of the mean when k is compared
to ky and 55% when compared to kg This suggests that the methods currently used for
dynamic calibration may need to be revisited.

Theoretical Conclusions
The following conclusions can be made based on the above discussions:

e Using two sets of WIM scalesin a“double threshold” configuration should improve
the overall accuracy of the system by one over the square root of the number of
Sensors used.

e WIM bias error is made up of two parts. This means that the maximum reduction in
error for “double threshold” installations would be achieved where the roughness of
the pavement is greater. This means that the dynamic contribution of the error is
much larger than the sensor contribution. Here, the sensor error contribution to the
total error isvery small compared to the dynamic contribution.

e Conversely, for installations where the pavement is smooth and the overall
contribution of the sensor error is high, then the maximum benefit shown by the
central limit theorem will be very small or not seen.
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Economy Question

|s the “double threshold” WIM system less expensive than the more expensive single
higher level WIM dlternative? The answer isin Table 3. When all costs are taken into
account over the life cycle period, the more expensive WIM technology may offer a
lower overall average cost. Thisis not necessarily truein all cases. Heavy vehicle traffic
volumes should dictate which system should be put in since traffic control plays an
important and expensive role in installation and repairs.

Redundancy/Reliability Question

‘Double threshold” WIM systems can offer alevel of redundancy in an installation, by
alowing an operable system even when one set of scalesfails. However, the following
issues can also be raised when looking at “double threshold” WIM scales:.

« It hasbeen argued that “double threshold” WIM can in fact be lessreliable than a
single set of WIM scales. Generally, the reliability of any system is reduced when
additional sensors are required. Reliability theory notes that the overall reliability of a
system is equal to the product of the reliability of the key components. In the case of
“double threshold” WIM, adding another set of components can reduce the overall
reliability of the system. The argument liesin whether or not the second set of scales
in a“double threshold” system are extras to the system to be used only in the case of a
failure, or whether they are arequired component to the efficient operation.

When considering reliability and redundancy, the mean time between failure (MTBF)
and the mean timeto repair (MTTR) of a system must be considered. The cost of the
additional sensors at the time of installation must be compared to the time and costs
to repair the system when a sensor fails.

PRELIMINARY RESULTS

TEST SITE

As previously mentioned the site is located on 1-5 northbound at milepost 12.5 and about
5 miles south of the Ashland port-of -entry. The pavement is reinforced Portland cement
concrete placed on aagravel subbase and isthirty years. It is beginning to show its age
and is starting to crack in places. Heavy vehicle traffic is over 1200 per day.

A PAT bending plate system was placed in 1990 in both lanes. The framein lane two

failedin 199 1. The systemwas replaced by an IRD bending plate system. The pavement
around the scales started to fail in 1992. It was then when the issue of putting in a“ double
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threshold” WIM was discussed and finally agreed upon installing one. To get away from
the pavement problem these systems were incased in a concrete vault.

Two AVI systems were installed , one close to the scales to identify the vehicles and one,
1000 feet ‘north to communicate with the on-board computer and signal whether or not to
report to the port.

METHODOLOGY

Thiswas done over athree day period. Telephone communications were used to notify
the port personnel which trucks to weigh at the static scales. Regular statistical methods
were used to calculate the systematic error.

The PASS “double threshold” mainline weighing system was first tested for acceptance
in October, 1995. The system was originally calibrated individually by IRD personnel. In
October 1995, ODOT 4Hff vigted the site to collect weight data from the two WIM
systems and compare with the two static scales. Thiswas done over athree day period.
Telephone communications were used to notify the port personnel which trucks to weigh
at the static scales. Regular statistical methods were used to calcul ate the systematic error.
Raw, dynamic weighing data on trucks, with the corresponding PUC plate numbers, was
collected at the WIM site. Static weights, on axle groups, aong with the PUC plate
numbers, was collected at the nearby POE. Once the data was put in a spread sheet, the
WIM and static data was sorted and matched by PUC number. All unmatched data was
discarded.

The WIM scales were pre-set to output weights that were approximately 10% below the
associated static weights. This had been done to compensate for the expected higher
variability normally associated with WIM weights. Compensation was made so that
trucks at legal weight would not be called to the static scale unnecessarily.

The static scale readout for an axle group is displayed to the nearest fifty pounds. By
convention, the operator enters then enters the axle group weight to the by the WIM
systems were treated similarity in this study.

Thefirst part of the acceptance testing consisted of examining the axle weightsfor the
static weighing, both WIM scales, and the “ doubl e threshold” mode.

ANALYSIS OF DATA

The analysis of the preliminary datais presented in Tables 4 to 7. The summary statistics
for lanes 1 and 2 for the steering axle, drive axles, trailer axles and gross vehicle vehicle
weight are shown in Tables 4,5,6 and 7, respectively.
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DISCUSSION OF FINDINGS

The mean, the standard error, and the standard variation in al four tables show a
reduction. Comparing the standard deviation reduction as shown in Table 8 for the
steering axle for lanes 1 and 2 was 14.3% and 15.4%, respectively. The standard
deviation reduction for the drive axles for lanes 1 and 2 was 4.9% and 11.9%,
respectively. The standard deviation reduction for the trailer axles was 12.0% and 6.1%,
respectively. The standard deviation reduction for the gross vehicle weight for lanes 1 and
2 was 18.1% and 12.3%, respectively. The theoretical error reduction of 29% was not
achieved.

As expected, the steering axle shows the most variationsin error reduction.. This
undoubtably suggest that the truck dynamic forces are more pronounced on this axle than
onthedriveand trailer axles.

The sample varianceisrather interesting. In al situations, as shown in Tables 4 to 7 and
for both lanes, the scale 1 variance is lower than for the static scale and lower than for
scale 2. Theory suggests that the variance should be higher than that of the static scale
and be similar to the scale 2 variance. This suggests that dynamic effects may be different
on scale 1 than on scale 2.

Future work will continue and more weight datawill be collected. The differences
between the scales will be examined. Obviously more study is needed.

The question of economics comes into play. Even though there is an improvement in
weight readings performance using “double threshold” WIM scales, the economics may
not be there. According to Table 3, the more expensive deep pit load cell scaleis more
economical than using two bending plates.

The economics appear to be there for piezoelectric WIM sensors. It appears that the
improvement in weight readings probably justify the additional expense of using multiple
sensors. Three sensors may be the maximum.
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TABLE 1. ASTM STANDARDS FOR WIM SYSTEMS

Maximum Error (%) at 95% (1.96 Sigma) Confidence

WIM Type SingleAxle Axle Groups Gross Vehicle Weight
Type 1 20 15 10
Type Xl 30 20 15
Type Xl 15 10 6 )

TABLE 2: ACCURACIES EXPECTED FROM DIFFERENT WIM TYPES

Typical Error (&) at One Standard Deviation (1 Sigma) Confidence

WIM Type Singe Axle Axle Groups Gross Vehicle Weight
Sensor Based

(Piezoelectric) 12% 10% 9%

Bending Strain 8% 6% 5%

Load Cell 5% 3% 2%
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TABLE 3: WIM TECHNOLOGY WITH RESPECT TO PERFORMANCE,
CAPITAL AND LIFE CYCLE COSTS

Performance (%

Typical Capital Cost

WIM Technology Error on GVW at  Per Lane (including
Employed highway speeds installation

Sensor Based

(Piezoelectric) +- 10% $ 9,500

Low Profile/lLow Cost
Scales (Bending Plate) +/- 5%

Double Threshold WIM
(Bending Plate) +/- 3-5%

Deep Pit Load Cell +- 3%

Source: Taylor and Bergan (5)

j)\\651 1shar\krukar\wim8&3.doc

$18,900

$35,700

$52,550
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Average Cost Per
Lane Over a 12-Year
Life, Including
Maintenance

$4,224

$4,990

$7,709

$7,296
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Table 4
Steering Axle
Summary Statistics- lane ] Summary Statistics- lane 2

Static Scale Scale Double | Static  Scale Scale Double

Scale 1 2 Threshold | Scale 1 2 Threshold
Mean 11.1 10.3 10.7 10.5 10.8 8.5 10.1 9.3
Standard Error 0.12 0.11 0.14 0.12 0.18 0.10 0.13 0.11
Standard Deviation 0.84 0.78 0.99 0.86 1.12 0.62 0.83 0.71
Sample Variance 0.70 0.60 0.98 0.74 1.26 0.39 0.69 0.50
Kurtosis -0.75 0.90 0.54 0.54 14.3 -0.18 1.22 0.48
Skewness -0.07 -0.53 -0.71 -0.65 3.14  -0.21 -0.83 -0.61
Range 3.7 4 44 4.1 7.1 2.7 3.6 32
Minimum 9.2 7.8 b 8 53 6.9 7.8 7.4
Maximum 12.9 11.8 124 12.1 124 9.6 114 10.5
Sum 556 514 536 524 431 341 402 372
Count 50 50 50 50 40 40 40 40
Coefficient of Variation | 7.6% 7.6% 9.2% 8.2% 104% 7.3% 8.2% 7.6%

Table 5
Drive Axles
Summary Statics - Lane | Summary Statistics - Lane 2

Static Scale Scale Double Static  Scale Scale Double

Scale 1 2 Threshold | Scale 1 2 Threshold
Mean 26.3 25.8 249 254 25.1 194 21.7 20.5
Standard Error 1.01 0.95 1.03 0.98 1.10 0.85 1.09 0.96
Standard Deviation 7.12 6.71 726 6.93 6.9 53 6.8 6.0
Sample Variance 50.6 45.0 52.6 48.1 474 28.0 46.5 36.0
Kurtosis -1.20 -0.85 -1.18 -1.06 -1.68 -1.65 -1.64 -1.71
Skewness -0.49 -0.61 -0.45 -0.56 -0.064 -0.016 0.18 0.101
Range 22.0 23.8 25.2 227 19.1 15.5 19.6 16.5
Minimum 12.6 11.6 11.5 11.5 14.8 11.2 12.6 11.9
Maximum 34.6 354 36.7 34.2 339 26.8 322 284
Sum 1314 1288 1247 1268 980 756 845 800
Count 50 50 50 50 39 39 39 39
Coefficient of Variation | 27.1% 26.0% 29.1% 27.3% 274% 273% 31.5% 29.2%
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Table 6
Trailer Axles
Summary Statistics, Lane 1 Summary Statistics, Lane 2
Static Scale  Scale Double Static Scale  Scale Double
Scale 1 2 Threshold | Scale 1 2 Threshold
Mean 28.9 26.5 254 25.9 28.3 21.7 25.6 23.6
Standard Error 1.09 1.08 0.92 0.95 1.41 1.15 1.32 1.22
Standard Deviation 7.7 7.6 6.5 6.7 8.89 7.26 8.38 7.74
Sample Variance 58.9 58.1 42.0 44.8 79.1 52.7 70.1 60.0
Kurtosis -0.35 -0.22 -0.48 -0.52 -0.57 -043  -0.64 -0.56
Skewness -0.68 0.09 -0.76 -0.59 -0.36 -0.18 -0.25 -0.24
Range 294 30.8 23.6 25.5 355 28.0 342 31.0
Minimum 11.7 13.0 10.6 11.8 9.3 6.9 82 7.6
Maximum 41.1 43.8 34.1 373 44.8 35.0 424 38.6
Sum 1444 1325 1270 1297 1132 866 1025 946
Count 50 50 50 50 40 40 40 40
Coefficient of Variation 26.6 28.8 255 25.8 314 335 32.7 32.8
Table 7
Gross Vehicle Weight
Summart Statistics, , Lane 1 \Summart Statistics, Lane 2
Static Scale  Scale Double Static  Scale  Scale Double
Scale 1 2 Threshold | Scale 1 2 Threshold
Mean 66.3 614 61.0 61.8 64.6 49.8 57.6 53.7
Standard Error 1.80 1.99 1.75 1.63 2.10 1.62 2.11 1.85
Standard Deviation 12.7 14.1 124 11.5 13.1 10.1 13.2 115
Sample Variance 162 199 153 132 172 102 173 133
Kurtosis -0.56 -0.91 -0.80 -0.70 -0.65 -0.54 -0.99 -0.83
Skewness -0.77 -0.62 -0.52 -0.67 -0.73 -0.74 -0.39 -0.55
Range 43.1 46.5 45.6 38.7 45 36.0 47.2 41.6
Minimum 38.0 309 33.0 36.7 374 27.9 31.7 29.8
Maximum 81.1 774 78.6 75.4 824 63.9 78.9 714
Sum 3314 3070 3052 3088 2520 1941 2245 2093
Count 50 50 50 50 39 39 39 39
Coefficient of Variation | 192% 23.0% 20.3% 18.6% 20.3% 203% 22.9% 21.5%
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TABLE 8
PERCENT REDUCTION IN StanpArRD DEVIATION
FOR STEERING AXLES, DRIVE AXLES, TRAILING AXLES,
AND GROSS VEHIcLE WEIGHT
(PLATE TO PLATE COMPARISON)

Lane 1 Lane 2
Steering Axles 143 154
Drive Axles 49 11.9
Trailing Axles 12.0 6.1
Gross Vehicle Weight 181 12.3
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SELECTION OF BONDING MATERIALSFOR PIEZOELECTRIC SENSORS

by

David W. Fowler
T. U. Taylor Professor in Engineering

The University of Texas at Austin

|. OBJECTIVES

Proper highway design requires access to accurate and timely traffic data. Such data are collected
by the use of piezoelectric traffic monitoring sensors. These sensors are installed in the roadway
surface, in the path of the vehicles wheels. In 1992, the Texas Department of Transportation
(TxDQOT) contacted the University of Texas at Austin (UT) to request that research be

conducted to evaluate the polymer materials used to install traffic sensors.

Theresulting research program had three objectives:
1. To develop an evaluation program useful for selecting binder materials
for piezoelectric sensors.
2. To use the evaluation program devel oped to recommend specific materials.

3. To evaluate the use of bare cable sensors.

This paper will describe the research program, beginning with a summary of the standard

practicesin place at the beginning of research (Summer, 1992). It will also cover all aspects of
the experimental program, including the bonding agent evaluation program, the use of new bare
cable sensors, and the field test installations. The paper will conclude with the results of the

experimental program and recommendations, as well as fmal research conclusions.
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I1. STANDARD PRACTICE

DOT Survey

Much of the information concerning current practice was obtained through telephone surveys
with several state Departments of Transportation (DOTs).  The following table shows which

states were contacted:

Arizona Florida Louisiana South Dakota
Arkansas [daho Nebraska Utah
Cdlifornia lowa New Mexico

Colorado Kansas Oklahoma

This survey indicated that most states were using an encapsul ated-cable sensor design, installed
with an epoxy mortar. The epoxy was typically recommended by the sensor manufacturer, or
the DOT used an epoxy from another application. Some states used their silicone loop sealants
to install the sensors. Several states were also using encapsulated film sensors. All states
reported problems similar to those encountered by TxDOT, especially loss of bond with the
pavement where rutting occurred. Such loss of bond usually resulted in loss of the sensor as the

rigid casing was worked out of the pavement by traffic.

Sensor Designs

Two basic types of piezoelectric classification sensors were available when the program began.
The two types differed in the nature of the piezoelectric material used to generate asignal. Some
sensors used a coaxial cable consisting of ametal core, a piezoelectric material sheath, and ametal
outer sheath. Other sensors used piezoelectric material sandwiched between metal layersin a
film. Both types were encased in arigid polymer (usually epoxy), which was placed in an
aluminum channel housing. This resulted in extremely durable sensors, but the large cross-section
and high rigidity proved to be the source of many of theinstallation problems. Thefollowing

diagram shows a typical installed sensor cross-section (a cable-type sensor is shown):
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Most state DOTs using these sensors, including TxDOT, followed similar installation
procedures, consisting of the following steps:
1. The desired position of the sensor is marked on the pavement with wax or paint.
2. A water-cooled diamond-bit concrete saw is used to cut slots for signal wires and along
the edges of the sensor groove.
3. A pneumatic hammer is used to excavate the interior of the sensor groove between the
saw cuts.
4. The groove is filled about halfway with the premixed polymer binding material.
5. The sensor (in the metal channel) is pressed into the polymer binder and held at the

desired height by cross supports so that the top of the sensor is slightly elevated

above the pavement surface.
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6. Additional polymer binder is added to fill the sensor groove.
7. The signal wires are placed in the saw cuts and sealed in place with standard silicone
loop sealant.
8. The site is cleaned after the polymer cures by removing tape previously placed along
the edges of the sensor groove.
This procedure alowed afast, efficient installation with minimal disruption of traffic. The
sensorsinstalled in this manner lasted about one year with full functionality. After that many
sensors simply no longer produced a reliable signal, while others were physically removed from

the pavement by traffic.

I 1l EXPERIMENTAL, PROGRAM

Candidate Materials

From the DOT phone survey, as well as a manufacturers survey and library research, alist of
candidate materials was compiled. This list included two acrylic materials, ECM P5G and IRD.
Five epoxies were also selected: Flexbond #1 (with coa tar additives), Flexolith, Masterfill CJ,
Schul, and Transpo T46 (with coal tar additives). TXDOT G-100, the epoxy being used before

the research program, was al so tested for comparison.

Bonding Agent Evaluation

The bonding agents were tested for their basic material properties, as well as their bonding
behavior with concrete and asphalt pavements. Most of the basic property tests were standard
American Society for Testing and Materials (ASTM) tests, while the mgjority of the bond tests

and some of the basic property tests were developed as part of the research program.
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Basic Material Properties

Abrasion An abrasion test was run according to ASTM C 944. Thistest uses a mechanical
abrasion spindle on adrill press applied to the top of aflat polymer sample. The weights of the
sample before and after the abrasion are compared to determine the amount of material lost. This
provides a ssimple comparison between materials, but has little correlation to any actual abrasion

experienced in service.

Compressive Strength The compressive strength of each polymer material was determined
using ASTM C 116-90. This test uses half-beams produced in a flexura test (described |ater).
The samples are loaded at a constant strain rate until failure, recording the ultimate strength of the

material.

Dynamic Properties Due to the nature of the materials under consideration, it was decided to
determine their dynamic flexibility instead of their static flexibility. The complex modulus, E*,
was determined according to ASTM D 5023. This test proved to be extremely difficult to
perform accurately, and another method was found. The dynamic shear modulus, G*, was
determined using AASHTO TP5. This test method, developed for asphaltic materials for the
Strategic Highway Research Program (SHRP), is more fully automated and provedto be more

accurate for the materials used in this project.

Thetest cyclically applies atorsiona load to a small (6 mm diameter, 2 mm thick) sample. The
testing equipment plots the load against deflection and determines the phase angle 6, as well as
G*. From these values, the storage modulus, G’, and the loss modulus, G”, are computed, as

shown in the following diagram:
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G*

These values are analogous to elasticity and viscosity, respectively. For this application, only

G’ was of interest, as the expected loads are too transitory to cause any viscous effects.

Flexural Strength The flexural strengths of the materials were determined using ASTM C 293-
79. This test simply applies a point load at midspan of a beam of the material. Beams were used

that had a 5 cm square cross-section and a 15 ¢cm span.

Gel Time The gel time of each material, determined using ASTM C 881, was used as a measure
of the material’s working time. While ASTM defines “gel time” as the time after mixing at which
a standard amount of the material forms a gelatinous mass, a different definition was used for this
program. Gel time in this report is defined as the time after mixing at which a standard amount of
the material reaches its peak exothermic temperature. This temperature is much easier to

determine objectively than the existence of a “gelatinous mass,” and gives similar results.

Shrinkage Most polymer materials undergo changes in volume as they cure, and this could
have an adverse effect on their behavior in this application. Therefore, this volume change was
measured using the DuPont shrinkage test (which was under consideration for ASTM C 9 when

these tests were conducted). The test uses an electronic displacement transducer attached to a
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metal angle embedded in a sample of a material. A rod is attached to another angle at a known
distance from the first angle. The rod is free to move through the transducer, which measures the
distance moved. The movement is expressed as a percentage of the known distance between the

plates. The following diagram shows the setup of this test:

Displacement Transducer

Rod Free Rod Fixed

Angles imbedded in Sample

Thermal Expansion Since the typical sensor installation site is located in asphaltic pavements
which have pronounced thermal expansion, the thermal expansion of the test materials was
determined using ASTM E 831. This test uses small cylindrical samples (13 mm diameter, 25
mm long) placed inside a quartz tube, which is immersed in a temperature-controlled water bath.
The water is brought down to freezing with ice, raised at a constant rate to about 50° C, then
allowed to cool down to room temperature. Changes in length in the sample are measured with a
displacement transducer. A plot of displacement against temperature is used to determine the

coefficient of thermal expansion, ¢, which is the slope of the plot.

Vicat Set Time The final set time of each material was measured with a Vicat needle, according

to ASTM C 191-92. A Vicat needle has a standard size, shape, and weight, and is dropped at
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regular intervals from a standard height into a curing sample of the material. When the needle no

longer penetrates the material, the timeisrecorded asthe Vica set time.

Viscosity Inthis program, viscosity constituted a measure of workability. ASTM D 2393 was
used to determine the viscosity of each material. The test simply employs a Brookfield
viscometer to measure viscosity directly, based on the torque required to keep a spindle spinning

at astandard rate while immersed in the sample.

Bond Behavior

Flexural Bond Strength One basic test of bond behavior used on the materials was a basic
flexural bond strength test, run according to ASTM C 78-84. This test uses a beam made of two
parts, one-half is made of the materia being tested, while the other half is made of paving
material, either asphaltic or Portland cement concrete. The beam is loaded at the third-points,
producing a region of constant moment across the bond. The sample is loaded until it fails. The
bond strength is recorded as the ultimate moment divided by the section modulus of the beam.

For this program, a 5 cm square beam was used with a span of 15 cm (third-points at 5 cm).

Shear Bond Test (Pull-out Test) Another test performed measured the shear strength of the
bond. The shear bond test was developed for this research. Pavement samples were prepared by
drilling a7.5 cm diameter hole, with a minimum depth of 7.5 cm. A circular aluminum plate with
a steel U-bolt attached was placed inside the hole, with the top surface of the plate placed 5 cm
deep. Any space between the plate and the sides of the hole was sealed with silicone, then the
hole was filled with the material being tested. After curing, the U-bolt was used to pull the plate
and materia plug out of the hole. The force required, divided by the surface area of the inside of

the hole, gives the shear strength of the bond. The following diagram shows a prepared sample:
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U-bolt Za Sample Material
Aluminum Plate / N Paving Material

Tension Bond Test (Pull-up Test) The final bond strength test measured the tensile strength

'/

of the bond. Following ACI 503R, a pavement sample was covered with a layer of the material
being tested, about 13 mm thick. After the material cured, a coring machine was used to cut a
circular groove about 10 cm in diameter through the material into the pavement. A steel disk was
bonded to the material inside this groove with high-strength epoxy. Finally, a loading machine
was used to pull up on the steel plate, with the bond strength recorded as the ultimate force
required to remove the plate from the sample (hopefully with the material and some of the

pavement), divided by the cored area. The following diagram shows a sample for this test:
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Steel Plate §3

High-strength Epoxy
~13 mmjz SRR %§*‘%@é&~ j Sl i = Polymer Material

Freeze/Thaw Tension Test The effects of freeze/thaw cycles on the bond strength was

N3 w\n

determined using the tension (pull-up) bond test. Standard pull-up test samples were subjected
to freeze/thaw cycles according to ASTM C 884-87. The samples were subjected to a total of 8
cycles from -15° C to 25° C, then tested according to the pull-up test. Finally, the results were

compared to the sample kept at room temperature.

Extreme Temperature Tests The last bond behavior test conducted determined the effects of
extreme temperatures on flexural and shear bond strengths. The likely service temperature
extremes for this application were determined to be 0° C to 50° C, so bond strength tests were
run at these temperatures as well as room temperature. Several of the basic material property

tests were also run at these extremes.

Sensors
A new sensor design was developed in coordination with sensor manufacturers. The new design

worked only for cable sensors. Fortunately, soon after research began, most manufacturers had
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stopped making the film-type sensors.  Since most of the problems with the existing sensor
design seemed to be caused by the aluminum-channel housing, it was decided to use a bare cable,
with no protective encapsulating material or housing.

This new design concept solved several problems:

1. Theloss of the relatively large aluminum channel allowed a much smaller groove to be
cut into the pavement. The smaller groove meant |ess damage to the pavement, less
polymer required to install the sensor, and a simpler cutting process, as a single gang-
blade could be used to cut the groove in one pass without using a pneumatic hammer
to remove theinside of the groove.

2. The cable by itself was moderately flexible, so it could be shaped to conform to rutsin
the pavement, and it caused |ess stress-concentration under traffic loads.

3. Replacing failed sensors was much easier, as there were no large meta parts to be

removed.

However, the new design also introduced some new problems:

1. The bare cable was much more fragile than the encapsulated one.  This required special
handling at al stages, including purchasing, storage, transport, and instal lation.

2. Water was more likely to work its way to the sensor without the additional protection
of the encapsulation material and the metal casing. Water in the cable would cause it
to fail.

3. The cable had to be positioned more precisely in its groove than the encapsul ated
sensor. This required a more precise cutting process, thus somewhat offsetting the
advantages of the smaller groove.

4. A new way of holding the sensor in place during installation was needed, as the cross-

bars used earlier would no longer work.
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This research program was to address these problems and determine if they could be overcome,

or if they were insurmountable.

Field Test Program
A field test program was used as a source of data to correlate laboratory results with service
performance. It aso alowed testing of the new bare cable sensor design and associated

installation changes. The following changes were made:

1. Extreme care was taken when handling the bare cables.

2. A gang-blade was used to cut the sensor groove in asingle pass without

using a pneumatic hammer.

3. The sensor was placed in the dot before any polymer was added. The sensor
clipped into small plastic chairs (modified rebar chairs), which held the sensor at
the desired location in the dlot. About half as much polymer per sensor was
required.

4. Thick tape was used along the edge of the slot to create araised surface for the

sensor (this duplicated the raised surface of the old encapsul ated sensors).
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The following diagram shows a cross-section of the new sensor installation:

Piezoelectric Cable 7e Plastic Rebar Chairs @ 30 cm o.c.

2cm

Polymer Binder Pavement

The field test installations were placed in different environmental zones of Texas. One set set of
sensors was installed near San Angelo, in the hot and dry region of west Texas. Amarillo, in a
cold and dry region, was chosen as another site. The final installation was made near Laredo, in
the hot and wet region of the Rio Grande Valley and Gulf Coast. The fourth climate zone of

Texas, the cold and wet region of east Texas, was not represented.

IV. RESULTS AND RECOMMENDATIONS

Laboratory Test Results

Several of the laboratory tests proved to have little correlation with adequate field performance.
These included abrasion, flexural strength, thermal expansion, shear and tension bond strengths,
the freeze/thaw effects, and the extreme temperature effects (although this temperature range is

used for G* and gel time). As these tests were determined to be irrelevant to this research, they
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will not be discussed further in this paper. The following paragraphs will discuss the results of
the successful tests.

Compressive Srrength

The compressive strength test results indicated that this was the best basic measure of material
strength. The materials tested ranged from practically zero (the material was till fairly fluid after
curing) to 123 MPa. The strongest material, nearly twice as strong as any other material, was the
TxDOT G-100 epoxy. Materialsthat performed well in thefield all had compressive strengths
above 7 MPa.

Dynamic Properties

As discussed earlier, the only dynamic property determined to be of interest was the storage
modulus, G'. This was measured at three temperatures, ° C, 25" C, and 50" C. As expected,
these materials behaved similarly to asphalt, with lower G’ (and higher G”) with increasing
temperature. At room temperature, the materials ranged from 12 to 245 MPa, Materials with
good field performance fell in the range from 14 to 70 MPa.

Gel Time
Gel times were also determined at the three test temperatures.  With afew exceptions, higher
ambient temperatures resulted in shorter set times. At room temperature, the results varied from

13 to 56 minutes. TXDOT specified the acceptable range as being from 5 to 15 minutes.

Shrinkage

In the field, shrinkage was observed to have a significant effect on the life of the installation.
Laboratory results ranged from 1.5% expansion to 1.5% shrinkage, with most materials having
about 0.5% shrinkage. Once again, TXDOT G- 100 yielded the highest result. Thishigh shrinkage,
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combined with the high strength (and thus rigidity) of this material was probably responsible for
its poor performance, which ultimately led to this research. Field trials indicated that permissible

resultsranged from 1% expansion to 0.5% shrinkage.

Vicat Set Time

Final set times, as measured by the Vicat needle, ranged from 11 to 200 minutes. Obviously,
shorter set times are better, as they alow traffic to be restored to the installation site sooner.
TxDOT specified that any final set time under 30 minutes was satisfactory.

Viscosity

Asameasure of workability, the viscosity test could be considered optional. Workability isjust
as easily determined by performing asampleinstallation. However, specifications may require
an objective goal. Materials used in this program had viscosities at room temperature ranging

from 18 to 55 Pa-s. Based on the comments of the field installation crew, any valuefrom 20 to
40 Pa-s is adequate.

Flexural Bond Strength

The flexura bond strength test was selected as the basic bond strength test.  The other bond
strength tests correlated well with this test, which is the easiest to perform as it requires the least
specialized equipment. Generally, when bonding a new material to an old one, it is desirable that
the new material and the bond be stronger than the existing material. Therefore, for this test, an
acceptable material was one that failed in the paving material and away from the bond. Most of
the materials tested failed this way, although some failed partialy in the bond (but the failure was
usually initiated in the pavement). A few samplesfailed at the bond. Strengths with asphalt

pavement ranged from 0.1 to 2.5 MPa. Concrete based samples varied from 1.2 to 7.2 MPa.

502



Fow er 16

Obvioudly, the higher strength of concrete produced the increased strengths of the concrete based

samples.

Field Results

The field trials provided information used to determine appropriate values of physical
properties, as described above in the test results. They aso alowed the new sensor design and
installation process to be evaluated. After the three installations were completed, the installation
crews expressed a definite preference for the new design. The need for extra care in handling the
sensors was deemed to be worth the benefits of the smaller groove. Use of the plastic rebar
chairs solved the sensor placement problems, and no significant change in the susceptibility to

water damage was noticed.

Also, it was determined that the installation crews should have the final word about the
applicability of a particular material. Obvioudly, it is these men and women who must work
with the material on adaily basis, and their approval isvital for a successful installation. At least
one material tested performed well on all laboratory tests, yet proved to be unworkable in the
field.

Recommendations

SlectionCriteria

Correlating the field performance with the laboratory test results revealed which tests should be
used to evaluate new materials, and what the acceptable results of these tests should be. These

tests and results were discussed earlier, but they are summarized in the following table:
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Recommended Test

Required Result

Compressive Strength

= 7 MPa

Complex Shear Modulus - Storage

Modulus G'

14 - 70 MPa at 25° C
decrease with increasing temperature

Gel Time 5 to 15 minutes
Shrinkage 1.0% expansion to 0.5% shrinkage
Vicat < 30 minutes
Viscosity (optional) 20 - 40 Pa-s
Flexural Bond Strength = 700 kPa (to asphalt)
2 2100 kPa (to concrete)

failure at least 50% in paving material

Field Trial

Acceptance by installation crew

Recommended Materials

17

The selection criteria listed above were used to rate each of the materials tested. It was felt that

some tests results were more indicative of proper material behavior, so the tests were given an

importance rating from 1 to 3, with 3 being the most important, as shown in the following table:
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Test Importance
Compressive Strength !
Storage Modulus - G’ 2
Gel Time 3
Shrinkage 1
Vicat 3
Viscosity 1
Flexura Bond Strength 2
Field Trial (ease of use) 3

Each material was ranked against the other materials for each test, with the best material given the
most points. The points were then adjusted according to the importance table (the importance
rating was used as a point multiplier). The total points were then compared to determine the

best materials, as shown in the following chart:
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As seen in the chart, the ECM P5G and the IRD scored best under the recommended selection

criteria. Therefore, these two materials were recommended to TxDOT for use in this application.

The fact that both of these materials were acrylics, while all the other materials were epoxies, also

indicated that acrylics are generally better polymers for installing piezoelectric traffic monitoring

Sensors.

Sensor Design

The bare cable sensor design was recommended to TxDOT for general use. The many benefits of

using the bare cable more than compensated for the additional care required. In the course of the
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research, TXDOT's dedicated installation crew demonstrated efficiency and skill in adapting to

the new installation procedure.

V. CONCLUSIONS

The conclusions of this research program can be organized along the same lines as the objectives.
The recommended selection criteria are based on: compressive strength, storage modulus G', gel
time, shrinkage, Vicat set time, flexural bond strength, and field trials. Viscosity is recommended
as an optional test if objective workability requirements are needed to write specifications. Two
materials recommended for immediate use are ECM P5G, and IRD, both of which are acrylics.
Bare cable sensors are recommended for general use.  Continued use of these sensors in

conjunction with the materials recommended should result in long-lasting functional installations.
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IMPROVEMENTS IN THE ACCURACY OF WEIGH-IN-MOTION SYSTEMS

A.T. Dempsey, N.J. Kedly, E.J. O'Brien and M.A. Hartnett
Department of Civil, Structural & Environmental Engineering, Trinity College, Dublin, Ireland

Abstract: The accuracy of pavement and bridge based weigh-in-motion (WIM) systems and the
sengitivity of such systems to dynamic and static effects form the basis for this paper. Recent
European developments affecting the accuracy of pavement WIM systems are reviewed. Bridge
WIM is considered in much greater detail utilising numerical smulation of errorsin velocity and
axle spacing to determine the inferred errorsin axle and gross vehicle weights. Dynamic effects on
bridge WIM systems are influenced by the vehicle, the bridge and interaction between them. The
dynamic effects of a vehicle were ssmulated and the response of bridges to these effects were
caculated for severa scenarios. A dynamic model of an actual bridge was created and verified.
Several analyses were carried out and the results are reported upon.

1. INTRODUCTION

Weigh-in-motion (WIM) systems typically consist of one or more pavement sensors which are
used to determine the axle and gross weights of vehicles passing over them at normal highway
speeds. Alternatively, asmall bridge or culvert may be used. Thisis achieved by recording strains
on the soffit of the bridge as a vehicle passes over. The system is cdibrated by passing a truck of
known weight across the bridge. Unknown vehicle weights can then be determined by comparing
theinduced strains with those of the calibration truck. Conventional bridge WIM systems have
been developed by Moses (1) and others. Bridge WIM systems have also been adopted for use
with culverts (2) where the truck length may be longer than the span.

2. REVIEW OF ACCURACY
2.1 Pavement weigh-in-motion

Pavement based WIM systems consist of a sensor or sensors partially embedded in the pavement.
Trucks travelling along a pavement do so with dynamic tyre oscillations. Thus one sensor records
only the instantaneous dynamic load of atyre resulting in significant error. Errors from many pre-
weighed trucks have been reported for eight aternative pavement WIM systems at an
experimental sitein Zurich (3). Typical resultsfrom one system areillustrated in Figure 1.

An array of sensors can be used to reduce the inaccuracy associated with vehicle dynamics by
50% to 70% (4). However, athough reduced, errors do still exist as dynamic weights are still

being used to estimate static weights. Dynamic bounce can not be predicted exactly as individual
trucks do not follow a consistent pattern. Results obtained from an array of 16 pavement sensors
in France (5) areillustrated in Figure 2. It can be seen that there is great variation in the pattern of
dynamic loads between individual trucks of the same classification. In addition to the variation
between trucks, dynamic |oads are dependent on the road profile and vehicle suspension type.
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Figure 1 - Variation in ratios of WIM weight to static weight (from (3))
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Figure 2 - Variation in weights of 2 axles recorded in France by Laboratoire Central des Ponts
et Chausees as part of the OECD/DIVINE project (Element 5)
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It has been shown that accuracy of multiple-sensor WIM systems can be affected by relative
sensor locations (4,6). Studies have aso been carried out which show that a 3 or 4 sensor array is
adequate for most purposes (4). In addition to the location and number of sensors, the processing
of the resultsfrom the sensor arrays can affect accuracy. Cole et a. describe several methods by
which this can be done (4). The simplest method of processing involves the averaging of the
dynamic weights to obtain static results. An alternative approach involves the use of a knowledge
of the spatial repeatability of dynamic loads. Spatia repeatability is the hypothesis that dynamic
tyre loads are not randomly distributed but that loads of high magnitude tend to be correlated with
distance along the road. Thisisillustrated with results obtained from a French site (5) in Figure 3.
Once repeatability within an array of sensors has been established, it is possible to adjust sensor
readings to allow for this or to place sensors in locations which will yield the most information.
Sensor adjustment factors are determined by comparing the static axle weights of pre-weighed
trucks with the recorded WIM weights. Unfortunately, a great quantity of vehicle datais required
to establish the pattern of spatial repeatability. Further, asthe pattern is undoubtedly related to
road profile, the array may need to be recalibrated as the road profile changes.

"sh
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% g —a—DAY2
é e —aDAY3
g —%—DAY4

0 3 6 9 12 15 18

Distance aong pavement (m)

Figure 3 - Distribution of mean weights of 14 axle on a 16-sensor array of WIM sensors recorded
in France by Laboratoire Central des Ponts et Chausees as part of the OECD/DIVINE project

2.2 Bridge weigh-in-motion
Bridge based WIM systems can be used as an aternative to systems based on embedded

pavement sensors. Bridge WIM systems measure the induced strain on the soffit of the bridge
which can be related to axle weights (1,7). The accuracy of these systems is site dependent; ideal
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bridges have been suggested by Znidaric et a. (8). Overall accuracy of gross vehicle weight has
been found by the authorsin a study of 16 pre-weighed trucks (9) to be within £20% for gross
vehicle weights and £40% for axle weights.

The basis of both the static and dynamic study carried out in this paper originated from results
obtained by the authors while carrying out experimental tests on a bridge WIM system in Dublin,

Ireland. A truck whose static weight was measured on a static scales was used to calibrate the
system by passing the truck across the bridge severa times. The gross bending moment was used

to calculate static axle and gross vehicle weights for each pass of the calibration truck. It was
found that the errors in gross vehicle weights were £10% while the axle weight errors were even
higher (Figure 4). The primary objective of this study isto determine the conditions which lead to

these significant errors.

—e—Axe 1
—B—Axe?2
—a— GVW

Calculated Weight / Static Weight (%

1 2 3 4 5 6 7 8 9
Truck Pass Number

Figure 4 - Variation of calculated bridge WIM axle and gross vehicle weights static weights

3. STATIC SOURCES OF BRIDGE WIM INACCURACY

3.1 Genera

The theoretical basis of the conventional bridge WIM system developed by Moses (1) and
adapted by the authors, involves the measurement of the total bending moment at a point along
the bridge, usually mid-span during the passage of a vehicle overhead. This bending moment is a
function of the truck location and is given by the following equation:

M(x) = A I(x) + ApI(x - L) + Asl(x - Li- L) + ...+ AxI(x - Ly - ... Lt (1)
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where x is the distance of the first axle from the start of the bridge, A, Ay .... Ay aetheaxle
weights, Ly, Ly ... Ly are the axle spacing and I(x) is the bending moment influence line for a
unit axle load at location x. The influence line can either be theoretical or it can be obtained
experimentally. By calculating the bending moment at N different pointsin time, it is possible to
solve for the N unknown axle weights. As scanning of strain is continuous while the truck crosses
the bridge, alarge quantity of redundant data is collected. This redundant data effectively
increases the number of separate “ weighings’ of the vehicle so the results can be averaged to
reduce any errors. A least squares error minimisation process is used to fit this measured
redundant data to the predicted datain order to calculate equivaent static axle weights, thus
reducing the error due to the dynamic effects of the bridge and vehicles (1). In the parametric
studies described in this paper, it is this algorithm which is used to calculate the axle and gross
vehicle weights. In order to examine the static sources of inaccuracy, two truck configurations are
considered, atwo-axle rigid and afive-axle articulated truck. The axle spacing and static weights
aregivenin Table 1.

Table 1 - Axle spacing and static weights for theoretica study

2-axle truck 5-axle truck
Spacing - axle I-2 om 3.25m
axle 2-3 525m
axle 3-4 1.25m
axle 4-5 1.25m
Static weights
axlel 50 kN 90 kN
axle2 100kN 180kN
axle3 120 kN
axled 120kN
axle5 120 kN
3.2 Velocity

An error in velocity of up to £12% has been assumed and the axle weights calculated as outlined
above. The ratio of calculated to actual velocity is plotted (Figure 5) against the ratio of
calculated to actual axle and gross vehicle weight. It is clear that the accuracy of inferred axle
weightsis highly sensitive to the accuracy of the velocity measurement (i.e.) an error of 8% in the
first axle of the 5-axle truck resultsin an error of approximately 100% in the first axle weight.
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(b) Five-axle truck
Figure S - Error in inferred weights due to error in velocity

3.3 Axle Spacing

The axle spacings used for this study are given in Table 1. For the two-axle truck there was only
one spacing which could be varied. Five different scenarios were examined for the five-axle truck.
The four different axle spacings were varied independently of each other and in addition, all
spacings were varied proportionally. Axle spacings were altered to +12% and +8% for two- and
five-axle trucks respectively. Plots of the ratio of erroneous to actual spacing versus the ratio of
inferred to actual static weight are presented in Figure 6.
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Figure 6 - Errors in inferred weights due to errors in axle spacings

The error in inferred weight is not particularly sensitive to errors in individual axle spacing errors.
However, significant axle weight errors result from proportional errors in all axle spacings. As
vehicle velocity is used in the calculation of axle spacing, such proportional errors could occur as
a result of an erroneous calculation of velocity. The maximum experimental error in axle spacing,

in the Irish system has been found to be is +3%.
4. DYNAMIC SOURCES OF BRIDGE WIM INACCURACY

The bridge WIM algorithm described in this paper and by Moses (1) is based on equation (1)
which gives the static bending moment response of a bridge to applied axle loads. However as a
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truck travels at normal highway speeds, dynamic effects are mobilised which can lead to large
deviations of the measured response from the static response. There are three main dynamic
effects for trucks travelling on bridges. The first is the dynamics of the vehicle which is dependent
on the number of axles, total load, characteristics of the vehicle and suspension (springs and
damping), speed and acceleration. The second consists of the dynamics of the bridge which is
governed, inter alia, by the mass of the bridge, stiffness, boundary conditions, number of spans,
natural frequencies, modes of vibration and damping behaviour. The third dynamic effect is the
bridge-vehicle interaction which is influenced primarily by the road surface profile on the bridge.

4.1 Dynamics of the vehicle and bridge span length

The dynamic effects of trucks manifest themselves in two frequency ranges. The first which is
termed the “pitch”, “roll” or “bounce” of the truck, varies between 1.5 and 4 Hz. The second
which is termed “axle hop” varies between 8 and 15 Hz (10). For this analysis, the axle hop was
ignored. The two-axle truck of Table 1 was first modelled crossing bridges with spans varying in
length from 20m to 5m. The road surface was assumed to be smooth and each axle was given an
impact factor and a frequency of oscillation corresponding to a vehicle “bounce”. In this simple
simulation, the dynamic axle loads were assumed to vary sinusoidally about the corresponding
static loads. The mid-span bending moment was then calculated from the dynamic loads using
Equation (1). Figure 7 shows the mid-span bending moment response of the 2-axle truck
travelling across a bridge of span 20m, at 15m/s with a dynamic oscillation of 4 Hz and a
maximum impact factor of 10%.

700
g 60t N
é 500 + .27 \
E b
£ 400t 4 ———BM Static +
g ’ . Dynamic
@ 300 N ~--~BM Static
g 7 _
2 200 + R ~--—- BM Dynamic
8 y
% 100+ e
=t
S 0 —+-> "“{___,,‘.P‘_-._ —:’—'-‘~=..,/'"\ et — i

q 0.2 0.4 0.6 0.8 1 12 1.4 1.6
-100
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Figure 7 - Mid-span bending moments (BM) due a harmonic load; frequency = 4 Hz; impact
factor = 10%

The static response to the truck is also illustrated in the figure. The dynamic mid-span bending

moments were entered into the weight calculation program and the axle weights calculated and
compared to the original static weights. This process was repeated for a number of different spans
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and frequencies of truck oscillation. The errors in inferred weight were calculated in each case and
are presented in Table 2.

Table 2 - Effect of span length and dynamic oscillations of trucks on axle and gross vehicle
weights (constant velocity = 15 m/s assumed)

Bridge Time per Frequency of Period of % Weight error
span (m) truck oscillations in axle | oscillation
crossing (s) weights (Hz) (s)

Axlel | Axle2 GYVW
20 1.67 4 0.25 -0.7 +0.3 -0.1
20 1.67 3 0.33 +0.6 -0.2 +0.1.
20 1.67 2 0.50 +0.5 +0.3 +0.4
20 1.67 1.5 0.67 +0.5 -3.4 -2.0
10 1.0 4 0.25 -0.3 +0.4 +0.2
10 1.0 3 0.33 0 0 0
10 1.0 2 0.50 -0.8 -1.7 -1.4
10 1.0 1.5 0.67 +7.6 +2.5 +4.2
5 0.67 4 0.25 -4.5 -1.8 -2.7
5 0.67 3 0.33 +0.5 0 +0.2
5 0.67 2 0.50 +79 | +3.5 +5.0
S 0.67 1.5 0.67 +8.7 +4.1 +5.64

For this analysis, it was assumed that the two axle loads varied harmonically and were in phase.
As this may not always be the case, the inferred errors in weights for the 2-axle truck with
harmonic loads out of phase by 90 deg. are in Table 3. As the inferred weight errors in Table 2 are
most significant in the shortest span, only results for the 5m span bridge are presented in Table 3.

Table 3 - Effect of dynamic truck oscillations and out of phase loading (90 deg.) on inferred
weights (constant velocity = 15 m/s assumed)

Bridge Time per Frequency of Period of % Weight Error
span (m) truck oscillations in oscillation (s)
crossing (s) | axle weight (Hz)
Axlel | Axle2 | GVW
5 0.67 4 0.25 -4.5 -1.0 -2.2
5 0.67 3 0.33 +0.5 | -3.1 -1.9
5 0.67 2 0.50 +79 | -2.0 +1.3
5 0.67 1.5 0.67 +8.72 | +2.4 +4.2

From Table 2, it is clear that the algorithm to calculate axle and gross vehicle weights is
dependent on bridge span and the frequency of dynamic truck oscillations. Significant errors arise
for short spans as the period of truck oscillation is close to the time taken for the truck to cross

the bridge.
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4.2 Dynamic model of bridge
Development and verification

One of thefirst steps undertaken, in order to model a bridge dynamically, was to calculate the
natural frequencies and the mode shapes or the eigenvectors (11,12). The bridge that was
modelled was a concrete beam-and-dab smply supported bridge located in Ireland. Two
packages were used to calculate the natural frequencies and modes of vibrations. The first was a
commercialy available package, STRAP (13) and the second a program known as SPEC
developed by one of the authors (14). Firstly, the entire bridge was modelled as eight beam
elements for both packages and the natural frequencies were calculated. Secondly, the bridge was
modelled 2-dimensionally on STRAP as a series of grillage beams and plate finite elements and
the natural frequencies were recalculated. The results are presented in Table 4.

Table 4 - Natural frequencies of the Irish bridge

Mode Number Natural Frequencies (HZz)
STRAP (1-D) STRAP (2-D) SPEC (1-D)
1 6.78 6.95 7.02
2 26.41 7.70 28.11
3 41.51 8.50 42.34
4 56.94 9.49 54.92

Thefirst natural frequency of the bridge for all three analyses were found to agree quite well with
each other. The low second, third and fourth natural frequencies obtained from the 2-D analysis
were found to correspond to transverse bending, torsion, etc.. As bridge WIM primarily deals
with longitudinal bending, only the first natural frequency was used in the dynamic model. The
corresponding mode shape or eigenvector was obtained for the first mode of vibration.

The general equation of motion of astructural system can be expressed as.

MK +[C + [K}x = F(t) (2)
where x isthe nodal displacement and rotation vector; [M], [C], and [K] are the mass, damping,
and stiffness matrices and F(t) is the force as a function of time. The dynamic analysisis carried

out by modal decoupling in which the displacement vector X, expressed in geometric co-ordinates,
istransformed to generalised co-ordinates z, as

x=¢z 3)

where ¢ ={or, ¢z, ......... 0.} is the matrix of the eigenvectors and n is the number of modes used
in the analysis. By substituting equation (3) into (2), pre-multiplying by ¢” (the transpose of the
eigenvectors) and by taking advantage of the orthogonality properties (15) of the eigenvector
relative to the mass and stiffness matrices, the set of equations described in (2) becomes
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,+26,0,i,+02=R({) (4)

where n is the number of degrees of freedom, a, isthe i natural frequency, & , isthe modal
damping ratio of the i mode and R(t) is called the response function which is defined as the
generalised force associated with mode n

R(t) = @) (F@)) &)

As only the first natural frequency is considered in this analysis the displacement of the bridge is
governed by one second order differential equation. This equation is solved using the Runge-
Kutta method in which the second order equation is broken down into two first order equations
(16). The procedure then follows a simple recursive method:

(1) Firstly, the load is placed at the beginning of the bridge, with initial conditions of zero bridge
displacement, velocity and acceleration. The acceleration of the bridge is assumed to vary linearly
between the initial position and the first time step.

(2) At any timeincrement (t+At), the longitudinal position of aload or vehicleis determined.

(3) The response function isthen determined for the particular longitudinal position-

(4) The displacement, velocity and acceleration of the bridge is known at this time step from
calculations in the previous time step. These are input into the differential equation and the
displacement, velocity and acceleration of the bridge are calculated for this time step and the next
time step.

(5) The processiis repeated until the load or vehicle has cleared the bridge.

In order to verify that the model was behaving correctly, the parameters of a bridge modelled by
Green and Cebon (17) were applied to the program. A single constant moving load of 392 kN
was applied to the bridge at two different speeds. The response of the bridge was similar in shape
to that found by Green and Cebon.

Application to bridge WIM

In order to examine the effect of bridge dynamics together with truck dynamics, the simple model
described above was used and different truck loads were applied to the model. The displacement
of the bridge was calculated under these loads, converted to bending moments and the response
inputted into the program to calculate axle weights. The inferred error in axle weights was then
determined. The vehicle used was a 2-axle truck with an axle spacing of 5m, front axle weight of
55.2 kN, rear axle weight of 119.3 kN. The truck velocity was constant at 20m/s and the bridge
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Figure 8- Mid-span bending moments of both statically and dynamically modelled bridge
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Figure 9 - Variation of axle load with distance from an instrumented road segment in Paris
span was 20m. The axle loads were assumed to vary harmonically at different frequencies, phases

and with different impact factors. The effect of constant static load was also determined for
comparison. The results are presented in Table 8 and in Figure 8. It can be seen that the relatively
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small dynamic variation in bending moment evident in Figure 8 has significant implications for the
calculated axle weights in some cases. As an alternative to the sinusoidal variation in the applied
axle load assumed above, the means of a large number of measured dynamic loads were also
used. Data collected in France by the LCPC as part of the OECD/DIVINE project (Element 5)
was used for this purpose. While the data is clearly specific to one particular site, it does nonethe
less represent the mean loads applied by a great many trucks. As such, it was felt by the authors to
be representative of typical axle loading for a smooth pavement. Three different loading profiles
are shown in Figure 9. The dynamic varying loads of both axles are shown where the mean ot the
dynamic weights of the first axle is 5.5t and the second 11.9t. It is clear from Figure 7 that the
bending moment response induced by the loads recorded in France are similar in form and
magnitude as those obtained by assuming a harmonic truck oscillation of 1.5 Hz and an impact
factor of 10%. The max resulting error in calculated axle weights is considerably less. (Table 5).
These errors are clearly sensitive to the frequency of oscillation of particular truck loads. Thus, it
would seem likely that, while the maximum error associated with the mean axle loads do not
exceed 10%, errors, for individual trucks oscillating at other frequencies, would be considerably
higher. Representative results from a few analyses are given in Table 5.

Table S - Effect of different types of loading on dynamically modelled bridge (IF= inpact factor,

F=frequency)
Type of Truck Load % Error in Calculated Weight
Axle 1 Axle 2 GVW
Paris Loading Profile 1 0.9 0.5 0.0
Paris Loading Profile 2 -9.3 5.0 0.5
Paris Loading Profile 3 -10.0 54 0.6
Constant Load -0.7 0.1 -0.2
Harmonic Loading (Axles in
Phase)
IF=10% ; F=4 Hz 0.9 -0.5 0.0
IF=10%; F=3Hz -1.5 1.0 0.2
IF=10% ; F=2 Hz -0.3 0.3 0.1
IF=10% ; F=15Hz -22.1 8.8 -1.0
Harmonic Loading (Axles out of
Phase by 90 deg.)

IF=10% ; F=4 Hz -0.9 0.4 0.0
IF=10% ; F=3 Hz -2.4 0.7 -0.3
IF=10%;F=2Hz 9.3 -4.3 0.0
IF=10% ; F=15Hz -1.9 3.5 1.8
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6. CONCLUSIONS

A review of the current status of pavement WIM is described. Multiple sensor arrays and spatial
repeatability havelead to increased accuracy in prediction of axle weights.

The conventional bridge WIM a gorithm described by Moses (1) is examined. A parametric study
is carried out of the effect of errorsin axle spacing and velocity on the inferred errors in axle and
gross vehicle weights. Velocity is shown to be the more critical of these with quite small errorsin
velocity leading to large errors in weights. Errorsin axle spacing also lead to significant errorsin
weightsif al of the spacings are over or under estimated. Heavier axles seem to be less sensitive
to such errors and front axles are more sensitive to errors than rear axles. Also axle spacings
towards the fdront of the 5-axle vehicle are more sensitive to errors than those towards the rear of
the vehicle.

Two dynamic sources of inaccuracy are examined. The first is truck dynamics in which the
dynamic oscillations of trucks are assumed to vary harmonically and the dynamic behaviour of the
bridge isignored. For medium length bridges ( >Om) the inferred errorsin axle and gross vehicle
weights are insignificant. For shorter spans dynamic oscillations lead to significant errorsin
weights. The second source of inaccuracy is bridge dynamics. Cross vehicle weights are not
afected by bridge dynamics. However axle weight errors can be as high as 25 %. From the results
shown it is not possible to determine the conditions that will lead to errorsin axle weights. These
results only show that these errors do exist. Further analysis and modeling is required.

The effect of the errors in the static study, while significant, can be reduced if errorsin
caculations of axle weights and velocities are kept to a minimum. These errors only arise due to
unsatisfactory installation procedures of axle detectors and possible limitations of the hardware.
However the errors due to truck dynamics and bridge vibrations are real errors as all bridges will

experience these phenomena. Therefore, the conventional bridge WIM algorithm will lead to
errorsin axle weight calculation for real trucks on real bridges.

In order to improve the accuracy of prediction of axle weights, the bridge WIM algorithm will
have to be modified to take into account these dynamic effects.
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